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Foreword 


Since 2015, the importance of marine ecosystems has been highlighted in 
Sustainable Development Goal (SDGs) No. 14, which emphasizes the need 
to ‘Conserve and sustainably use the oceans, seas and marine resources for 
sustainable development. A constant stream of alarming facts demonstrates 
that the sustainability of our oceans is under severe threat from acidification, 
ocean warming, eutrophication, fisheries collapses and, most notably, marine 
plastic pollution while over 3 billion people, or 42% of the global population, 
rely on oceans for their livelihoods. Marine plastic litter has become a serious 
global issue due to the fact that about 10 million metric tons of plastic waste 
generated on land enters the marine environment annually, contaminating 
major river basins and oceans. Plastics are also difficult to biodegrade and some 
types are non-degradable, resulting in accumulation rather than decomposition 
of plastics in the environment. One estimate predicts that by 2050, the weight 
of plastic waste in the ocean will be greater than the weight of fish. For this 
reason, in March 2022, the United Nations Environment Assembly adopted a 
resolution entitled, ‘End Plastic Pollution’ related to the marine environment, 
and negotiations for an internationally legally binding instrument will begin 
from the second half of 2022 onward. 

In the last decade, several global/regional programs to develop innovative 
and practical solutions have been initiated by both the public and private 
sectors to tackle mismanaged plastic pollution. Among these initiatives, the 
‘Osaka Blue Ocean Vision’ (OBOV) with the overarching aim of reducing 
additional pollution by marine plastic litter to zero by 2050 was shared at the 
G20 Osaka Summit in 2019, and the Government of Japan has launched the 
MARINE Initiative in order to realize OBOV. Japan’s MARINE Initiative 
aims to advance effective actions to combat marine plastic litter on a global 
scale focusing on (1) management of waste, (2) recovery of marine litter, (3) 
innovation, and (4) empowerment. 

One of the crucial factors in translating the initiative into action is to empower 
all stakeholders who play a significant role in marine plastic abatement, whether 
governmental offices, private companies, non-governmental organizations, 
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reuse/recycling enterprises or small-scale waste pickers. The Ministry of Foreign 
Affairs (MOFA), Japan has thus supported the Asian Institute of Technology 
(AIT), Thailand in establishing and implementing an intensive empowerment 
program with an emphasis on marine plastic pollution. This initiative led to the 
very first one-year Master's in ‘Marine Plastics Abatement (MPA)’ program in 
the region, officially inaugurated in August 2020. 

This unique program has recruited almost 100 young environmental 
leaders from more than 50 countries in Asia, Africa, and Latin America for 
training through comprehensive coursework and innovative research which 
will contribute immensely to realizing SDG14: Life Below Water and others 
such as SDG11: Sustainable Cities and Communities; SDG12: Responsible 
Consumption and Production; and SDGI7: Partnerships for the Goals. The 
curriculum of the MPA program has drawn widely from up-to-date research 
findings, process innovations, technological advancement as well as social 
interventions/campaigns by experts and professionals from AIT and its partner 
institutions. To increase awareness and widen empowerment on this subject, it 
is essential to consolidate new areas of knowledge and expertise into a book 
which is accessible to other audiences from different sectors. 

I am certain that readers of this book will come to understand not only the 
root causes and negative impacts on human and environmental health of the 
marine plastics issue, but also various means to reduce mismanaged plastics 
through innovative technology. They will also learn about the application of 
the circular economy and become familiar with innovative business models 
and lessons learnt from regional case studies around the world. I, therefore 
wish to acknowledge the authors and editors led by AIT and their respective 
partner universities, Le, Thammasat University, Ramkhamhaeng University, 
Chulalongkorn University, Thailand for coordinating the edition and 
publication of this reference book. As the community of professionals grows, 
my personal expectation is for this book to be regularly updated to capture new 
evidence and scientific findings for new generations who might face and be 
affected by even more serious marine pollution. 


H.E. Mr. NASHIDA Kazuya 
Ambassador of Japan to Thailand 
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1.1 INTRODUCTION 


Owing to their properties, plastics are one ofthe most-used polymers worldwide. 
Asa consequence of its widespread usage from home to industrial levels, billions 
of tons of plastic debris accumulate in environmental systems, including water, 
air, and soil. As the degradation processes of plastics are prolonged and take a 
long time for them to degrade in the natural environment, plastic wastes pose a 
serious threat to both terrestrial and marine biota. 

According to a recent marine environment study, several marine species 
have died as a result of plastic trash ingestion or entanglement in plastic debris. 
Nevertheless, among the various methods to tackle plastic waste, plastic 
reduction at the source and the improvement of plastic waste management 
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techniques such as plastic recycling and recovery, including bioremediation 
among others are considered eco-friendly alternatives and cost-effective 
methods (Ru et al., 2020). 

This chapter introduces a comprehensive and up-to-date review of the issues 
and solution ideas on plastic productions and trends, plastic processing tech- 
nology and its additives, mismanaged plastic litters in waste management 
practices, macro-, micro- and nano plastics, bioaccumulation and biomagnifi- 
cation of plastic litter, toxicology and toxicity of micro-contaminants in plas- 
tics, implications on public and human health, and impacts of microplastics 
on human health. 


1.2 PLASTIC PRODUCTION AND TRENDS 


1.2.1 Synthesis uses and properties of plastics 

The diversity and various qualities of polymer, the main component in plastics, 
render plastics tremendously useful materials in a wide range of products that 
enable medical and technological advancements, and common societal facilities 
(Gilbert, 2017). Some examples of the diverse plastic properties are light 
weight, high strength, high durability, high corrosion resistance, high thermal 
and electrical insulation properties (EPA, 2021). Moreover, the considerable 
potential for new plastic applications has brought benefits to mankind in various 
forms including novel medical applications, the generation of renewable energy, 
and energy consumption reduction in transportation (Hammer et al., 2012; 
Thompson et al., 2009). 

Currently, almost all aspects of daily life involve plastics, for instance, 
in infrastructure, transport, telecommunications, clothing, footwear, and 
packaging materials that facilitate the transport of a wide range of food, drinks, 
and other goods (Plastics Europe, 2018). The term plastics, as commonly used, 
refers to a group of synthetic polymers (defined as large organic molecules 
composed of repeating carbon-based units or chains that occur naturally and 
can be synthesized). The polymers that make up plastics are long molecular 
chains made from joined short repeating sub-units in a chemical process 
known as polymerization. On the contrary, monomers are molecules capable of 
combining, by a process called polymerization, to form a polymer (Edmondson 
& Gilbert, 2017; SAPEA, 2019). For example, monomer ethylene is polymerized, 
using a catalyst to form polyethylene (PE) (Kershaw, 2016). 

The production of numerous monomers used to synthesize plastics, such as 
ethylene and propylene are derived from fossil hydrocarbons, while polymers 
can also be natural or synthetic (Gilbert, 2017). Common natural polymers 
include chiton (insect and crustacean exoskeleton), lignin and cellulose (cell 
walls of plants), polyester (cutin), and protein fiber (wool, silk), including protein 
fiber and starch. These are also generated from agricultural or specifically 
grown crops such as sugarcane, corn, and trees (Bowers et al., 2014; Brodin 
et al., 2017; UNEP, 2018a, 2018b). 

Plastics have been found in all major basins and oceans, with an estimated 
4—12 million metric tons of plastic waste generated on land entering the marine 
environment in 2010 alone. On the contrary, almost all the generally used 
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plastics are difficultto biodegrade, or sometypes are non-degradable, resultingin 
accumulation rather than decomposition of plastics in the natural environment 
(water, air, and soil, including landfills) (Horton et al., 2017). Contamination 
of freshwater systems and terrestrial habitats is also increasingly reported, as 
is environmental contamination with synthetic fibers (Jambeck et al., 2015). 
Furthermore, plastic debris easily gets transported into aquatic and terrestrial 
domains through the atmosphere. Recently, disposable face masks (produced 
from polymers) contaminated with the Coronavirus have also added to the 
environmental pollution as these are likely sources of plastic debris. 


1.2.2 Production of plastic products 

Among consumption patterns of widely used types of plastics in different 
applications, well over a third of consumption is in packaging applications such 
as containers and plastic bags (Hammer et al., 2012), and building products 
including common products such as plastic pipes and vinyl cladding (Gilbert, 
2017; Plastics Europe, 2018). 

Plastics are a mixture of macromolecules and chemicals, ranging from 
several nanometers to meters. The commercial production of plastics started 
around 1950s and has seen an exceptional growth to the present global 
annual production of 330 million metric tons in 2016 including the resin used 
in spinning textile fibers (Plastics Europe, 2018). Plastic use has increased, 
especially in developing countries (Geyer et al., 2017; Kershaw, 2016; Kole et al., 
2017). The global production of plastics has been following a clear exponential 
rising trend since the beginning of mass plastic consumption and production 
in the 1950s, and from a global production of 311 million tons in 2014; it is 
projected that plastic production to reach approximately 1800 million tons in 
2050 (UNEP, 2018a, 2018b). 


1.2.3 Advantages of plastic products 
Almost all aspects of daily life involve plastics such as clothing, footwear, and 
products used in food and public health industries. Over 40 million tons of plas- 
tics are processed as textile fibers such as nylon, polyester, and acrylics, which 
are used in the clothing industry. Moreover, polycotton clothing contains high 
polyethylene terephthalate (PET) plastics; high-performance clothing is almost 
exclusively made from plastic-polyesters, fluoropolymers, and nylons (Gilbert, 
2017). Furthermore, fleece clothing is 100% plastic and can be made from recy- 
cled PET. Most footwear also relies heavily on plastics; the footbeds and outsoles 
are made from polyurethane or other elastomeric material, while the uppers 
might be vinyl or other synthetic polymers (Geyer et al., 2017; Shah et al., 2008). 
Plastics in various types such as PE, polystyrene (PS), polyurethane, 
polyvinyl chloride (PVC), polypropylene (PP), PET, nylon, polycarbonate, and 
polytetrafluoroethylene are used in daily life. Plastic polymers show the highest 
usage in different parts of the world. Various plastic-based products such as 
plastic wares, plastic packaging material (for food and beverages), plastic bottles, 
and other miscellaneous articles have widely dominated the various markets 
(Arutchelvi et al., 2008; Sangale et al., 2012; Varda et al., 2014). The overview 
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of plastic usage at the global level are: 35% of packaging, 23% of building and 
construction, 8% of electric and electronics, 8% of furniture/ housewares, 8% 
of transport, 7% of agriculture, 3% of sports, 2% of mechanical engineering, 2% 
of medical, toys, and 1% of footwear (Varda et al., 2014). 

Due to their light weight, plastics reduce transportation costs, thus reducing 
atmospheric carbon dioxide emissions. Plastics can also improve performance 
and reduce the costs of building materials. In addition, plastic material benefits 
may facilitate clean drinking water supplies and enable medical devices ranging 
from surgical equipment to advanced packaging materials (Geyer ef al., 2017). 


1.3 PLASTIC PROCESSING TECHNOLOGY AND ITS ADDITIVES 


1.3.1 Production process of plastics 

Plastics are a wide range of synthetic or semi-synthetic organic compounds that 
are malleable and so can be molded into solid objects (Hammer et al., 2012; 
Niaounakis, 2017; UNEP, 2016). Plastics are organic materials, just like wood, 
paper, or wool. Numerous organic, synthetic or processed materials are mostly 
thermoplastics or thermosetting polymers of high molecular weight that can 
be made into objects, films, or filaments (US EPA, 2016). As the petrochemical 
industry is the greatest contributing factor in the growth ofthe plastic industry, the 
plastic industry is integrated with the oil industry. Currently, the two industries 
have a remarkable degree of interdependence. Thus, if the current production and 
use trends continue unabated, then plastic production is estimated to increase, 
approaching 2000 million tons by 2050 (as described in Section 1.2). 


1.3.2 Types of plastics 

With respect to characteristics, plastics are lightweight, tough, and resistant to 
chemical materials that can be molded in various ways and utilized in a wide 
range of applications. Although it is also difficult to corrode and biodegrade, 
photodegradation can slowly break down plastics into tiny fragments known as 
microplastics (Niaounakis, 2017; UNEP, 2018a, 2018b). Polymers can be natural or 
synthetic. Natural polymers include materials such as cellulose, protein fiber, and 
starch. The polymers that make up plastics are long molecular chains made from 
joined short repeating subunits in a chemical process known as polymerization (see 
Section 1.1). Raw materials for plastics are mostly obtained from non-renewable 
resources, including products from the fossil fuel industry such as styrene and 
ethylene (Andrady & Neal, 2009; Gilbert, 2017). Plastic manufacturing requires 
an estimated 4-8% of global oil production, for raw materials and energy for 
processing (World Economic Forum, 2016; Zhu et al., 2016). 

Bio-based polymers which are becoming increasingly popular (Hansen 
et al., 2014; Zhu et al., 2016) are generated from agricultural or forestry waste 
or specifically grown crops such as sugarcane, corn, and trees (Bowers et al., 
2014; Brodin et al., 2017; Zhu et al., 2016). Bioplastics usually refer to plastics 
sourced from renewable resources, but, sometimes, they are used to refer to 
biodegradable plastics (Kershaw, 2016). Nevertheless, during the production of 
both conventional plastics and bioplastics, various additives may be added to 
the polymer to change its character (Edmondson & Gilbert, 2017; Kershaw & 


Introduction 5 


Rochman, 2015). Generally, additives allow plastics to take on many forms with 
varying appearances, durability, and performance. Common additives include 
plasticizers (used to enhance flexibility and durability), ultraviolet blockers, 
thermal stabilizers, dyes and pigments, flame retardants among others (Hansen 
et al., 2014). However, some of the chemicals are harmful in low quantities and can 
leach out of plastics, posing health and environmental risks (de Souza Machado 
et al., 2018; Oehlmann et al., 2009; Talsness et al., 2009; Thompson et al., 2009). 

For plastics derived from organic products, the raw materials used to produce 
these plastics are natural products such as cellulose, coal, natural gas, salt, and 
crude oil. Due to a complex mixture of compounds in crude oil, plastic production 
starts with a distillation process in an oil refinery involving the separation of 
heavy crude oil into lighter groups called fractions (Gilbert, 2017; Zhu et al., 
2016). Each fraction is a mixture of hydrocarbon chains (chemical compounds 
made up of carbon and hydrogen), which differ in terms of size and structure ofthe 
molecules (Boucher & Friot, 2017; Niaounakis, 2017). During plastic production, 
several factors of polymer such as the solubility characteristics, the effect of 
specific chemicals and environments on polymer at elevated temperatures, the 
effect of high-energy irradiation, the aging and weathering should be considered. 
Moreover, plastic polymers are mixed with various additives to improve 
performance, such as carbon and silica to reinforce the material, plasticizers 
to render the material pliable, thermal, and ultraviolet (UV) stabilizers, flame 
retardants, and coloring. Some additive chemicals are potentially toxic, and 
there is a particular concern about the extent to which additives released in the 
environment from plastic products of high production volume and wide usage 
(e.g. phthalates, bisphenol A (BPA), bromine flame retardants, UV screens, and 
anti-microbial agents) have adverse effects on animal or human populations 
(Thompson ef al., 2009), while a recent study estimated that the direct ingestion 
of microplastics by some aquatic species is a negligible pathway for exposure to 
nonylphenol and BPA (Koelmans ef al., 2014). 


1.3.2.1 Petroleum-based plastics 

In engineering, soil mechanics, materials science and geology, plasticity refers to the 
property of a material able to deform without fracturing. According to the US EPA 
(2016), plastic material can be categorized into two types based on the properties: 
(a) Thermoplastics which are polymers that soften when heated and solidify upon 
cooling, allowing them to be remolded and recycled without negatively affecting 
the material physical properties (common examples include PE, PP, PS, and PVC); 
and (b) Thermosets which are plastics that are set into a mold once and cannot be 
re-softened or molded again. Due to their properties, thermosets are appropriate 
for high-heat applications such as electronics and appliances such as phenolic 
resins, amino resins, polyester resins, and polyurethanes. 


1.3.2.1.1 Thermoplastics 

The most commonly used plastics around the globe accounting for 69% of the 
global plastics used are PE, PP, PVC, PET, and PS (Emily Petsko, 2020). The 
symbols and properties of these plastics are illustrated in Table 1.1. 
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Table 1.1 Symbol types and properties of plastics. 


Symbol Properties of Plastics 


4 1 Clear, strong, and lightvveight vvith high ductility and impact strength as 
well as low friction 


PETE 


d 25 Stiff and hardwearing; hard to the breakdown in sunlight 


HDPE 


4 4 Y Lightweight, low-cost, versatile; fails under mechanical and thermal 
stress 


LDPE 


4 3 Can be rigid or soft via plasticizers, used in construction, healthcare, 
electronics 
V 


Q 5 y Tough and resistant with effective barrier against water and chemicals 
PP 


CS Lightweight, structurally weak and easily dispersed 
PS 


d 73 Diverse in nature vvith various properties 


OTHER 


(1) PE is a thermoplastic and elastic polymer vvhich is popularly used in 
plastic containers, bottles, bags, and plastic toys. In addition, it can 
be used to produce plastic cement. The types of PE, depending on its 
density and branching, are lovv-density polyethylene (LDPE) and linear 
LDPE, linear versions or high-density polyethylene (HDPE) and ultra- 
high molecular vveight PE and cross-linked PE. 

(2) PP is a thermoplastic polymer used in food containers, packaging, 
toys, furniture, and textiles. It is characterized by its high durability, 
transparency, and resistance to chemical stress, and it can sometimes 
contain dyes, antioxidants and, in some cases, flame retardants. 

(3) PVC is one of the most used thermoplastic polymers in the world. It is 
used in construction, packaging for food, textiles, and medical materials. 
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Other specific applications include cosmetic containers, electrical 
conduits, plumbing pipes and fittings, blister packs, wall cladding, roof 
sheeting, bottles, garden hoses, shoe soles, cable sheathing, blood bags, 
tubing, watch straps, and commercial cling wraps. 

(4) PET is a clear, strong, and lightweight plastic, commonly found in 
beverage bottles, perishable food containers, mouthwash, jars, and 
plastic bottles. Being impact resistant, PET is used in textiles and 
packaging, and its materials may contain dyes and color pigments. 

(5) PS is used for lining refrigerators, packaging, construction, and trays in 
the medical industry. 


1.3.2.2 Bio-based plastics 

Bioplastics refer to either bio-based or biodegradable sources which are made 
from renewable resources instead of fossil fuels (European Bioplastics, 2020; 
Napper ef al., 2015; UNEP, 2015). Generally, renewable carbon resources 
include corn, potatoes, rice, soy, sugarcane, wheat, and vegetable oil. Sugar cane 
is also processed to produce ethylene, which can then be used to manufacture 
PE among others, while starch can be processed to produce lactic acid and 
subsequently polylactic acid (PLA). 

Biodegradable plastics are plastics that can be decomposed by living organisms, 
usually microbes. Biodegradable plastics are commonly produced with renewable 
raw materials, micro-organisms, petrochemicals, or combinations of all three. 

Non-biodegradable plastics are generally comprised of carbon, hydrogen and 
oxygen. Because the source of carbon is entirely and partly from petrochemicals, 
these plastics are referred to as non-biodegradable. Non-biodegradable 
describes polymers that do not break down into a natural, environmentally safe 
condition over time through biological processes (Rahman & Syamsu, 2018). 

Most plastics are non-biodegradable, which are widely used due to their low 
cost, versatility, and durability. The durability is due in part to the fact that plastics 
are an uncommon target for microorganisms, making it non-biodegradable. 
Furthermore, the durability is partly due to the inability of microbes to digest 
plastics, rendering them non-biodegradable. On the contrary, most plastics can 
be made biodegradable by adding chemicals that break down the structure of 
polymer. Bioplastics and bio-based plastics are plastics made from renewable 
biological resources. Bioplastics encompass many materials that are either bio- 
sourced or biodegradable or both. A biodegradable material can be decomposed 
under the actions of microorganisms (bacteria, fungi, algae, earthworms) with 
end products such as water, carbon dioxide, and methane. Oxo-degradable or 
oxo-biodegradable plastics are conventional plastics such as PE with an additive 
that helps break down fragments. Bio-based, and biodegradable plastics can 
be divided into three categories: (1) biodegradable (bio-based plastics): poly- 
lactic acid, polyhydroxyalkanoates, bio polymers-polybutylene succinate; (2) 
biodegradable (petroleum-based plastics): polybutylene adipate terephthalate, 
polybutylene succinate, polycaprolactone, polyvinyl alcohol; and (3) non- 
biodegradable (bio-based plastics): bio-PET, bio-PE, polyethylene furanoate 
(PEF), bio-PP, bio-PAs, polytrimethylene terephthalate. 
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1.3.3 Use of plastic products 

1.3.3.1 Global plastic market 

According to European Bioplastics, the global market for plastics is forecasted 
to be USD 115.10 billion by 2023 from USD 80.7 billion in 2018, at a compound 
annual growth rate of 7.2% during the forecast period (European Bioplastics, 
Nova-Institute, 2018). The latest market data show that the global bioplastics 
production capacity is set to increase from around 2.11 million tons in 2019 to 
approximately 2.45 million tons in 2024. An innovative biopolymer, such as 
bio-based PP and polyhydroxy-alkenoates shows the highest relative growth 
rates. In 2019, due to the widespread application of PP in a wide range of 
sectors, bio-based PP entered the market on a commercial scale with a strong 
growth potential. Polyhydroxyalkanoates are an important polymer in which 
production capacities are estimated to more than triple in the next five years. 
These polyesters are 100% bio-based and biodegradable and feature various 
physical and mechanical properties depending on their chemical composition. 
Bio-based, non-biodegradable plastics altogether, including the drop-in solutions 
bio-based PE and bio-based PET, as well as bio-based PA, currently accounts for 
over 44% (almost 1 million tons) of the global bioplastics production capacities. 
For instance, increasing trend for lightweight vehicles, increasing demand 
for connected vehicles, and growing awareness about reducing vehicular 
emissions are driving the engineering plastics market in the automotive and 
transportation end-use industry. 


1.3.3.2 Bioplastics major end-use market 

Rigid bioplastic applications are available for cosmetics packaging of creams 
and lipsticks as well as beverage bottles and many more. Materials such as PLA, 
bio-PE, or bio-PET are used in aforementioned businesses. Some use bio-PE as 
materials for different packaging kinds of cosmetic products. Polylactic acid is 
also gaining pace in the rigid packaging market as a potentially mechanically 
recyclable material. Biodegradability is a feature often used for food packaging 
for perishables. 

Bioplastics can be found in the following market segments: packaging, food 
service, agriculture/horticulture, consumer electronics, automotive, consumer 
goods, and household appliances. In 2019, global production capacities of 
bioplastics amounted to about 2.11 million tons with almost 53% (1.14 million 
tons) of the volume destined for the packaging market - the biggest market 
segment within the bioplastics industry (European Bioplastics, Nova-Institute, 
2018). There is a high demand for packaging made from bioplastics used as food 
wrapping such as films and trays are particularly suitable for fresh produce 
such as fruit and vegetables, enabling longer shelf life. 


1.3.3.3 Plastic consumption 

1.3.3.3.1 Plastic consumption by country 

Based on the amount of plastic consumption, China is among the largest 
consumer of plastic products, accounting for 20% of global plastic consumption, 
while Western Europe accounts for 18%. However, based on plastic consumption 
per capita, China is ranked much lower than other countries. Israel is one of 
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the largest per capita consumers of plastics; however, it has significantly lower 
plastic production rates compared to other countries. The developing countries 
have become the world's production hub of plastic products that are consumed 
overseas. For instance, India saw a steady increase in PET production in 2015- 
2016 (1458 kilotons of PET) compared to the previous year (982 kilotons). 
PET plastic production (650 kilotons) was exported in 2015-2016 from India 
to Bangladesh, USA, Italy, Israel, Romania, Ukraine and UAE among others. 
Export volumes have grown in recent years, closely tracking overall production 
levels in India. PET is imported to India (107 kilotons) to a smaller extent, 
mainly from Taiwan, China, Iran, and Malaysia. 


1.3.3.3.2 Agricultural applications of plastics 

The global usage of plastics in agriculture is 6.5 million tons per year. The use of 
plastic materials in agriculture started with the use of cellophane to cover small 
greenhouses, which was then replaced by PVC. Moreover, there is widespread 
and continuously increasing usage of plastic films in agriculture, particularly in 
protected horticulture. Increased yields, earlier harvests, reduced herbicide and 
pesticide use, frost protection, and water conservation as well as preserving, 
transporting, packaging, and commercializing agro-food products are some 
of the reported benefits of using plastics in agricultural fields. Greenhouses, 
tunnels, mulching, plastic reservoirs and irrigation systems, silage, crates for 
crop collecting, handling and transport, components for irrigation systems like 
fittings and spray cones, and tapes that help hold the aerial parts of the plants 
in the greenhouses among others are the most important applications identified 
by Plastics Europe in agriculture. A comprehensive overview of applications of 
plastics in agriculture is indicated in Table 1.2. 

The use of plastics in agriculture is evident in the form of the lining of 
farm ponds, greenhouse cultivation, micro-irrigation (drips and sprinklers), 
and plastic mulching. The problems resulting from plastic use are decreased 
soil porosity and air circulation, changed microbial communities, and lower 
farmland fertility. Plastic mulch should be of concern as it is a potential source 
of entry into the food chain system. 


Table 1.2 Comprehensive overview of applications of plastics in agriculture. 


Applications of Plastics in Agriculture 


Protected Greenhouses and tunnels, low tunnels, mulching, nursery films, 

cultivation films direct coverings, covering vineyards and orchards 

Nets Anti-hail, anti-bird, wind-breaking, shading, nets for olives and nut 
picking 

Piping, irrigation; Water reservoirs, channel linings, irrigation tapes and pipes, 

drainage drainage pipes, micro-irrigation, drippers 

Packaging Fertilizer sacks, agrochemical cans, containers, tanks for liquid 


storage, crates 


Other Silage films, fumigation films, bale twines, bale wraps, nursery 
pots, strings, and ropes 
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1.3.3.3.3 Industrial applications of plastics 

The changing lifestyle and increasing penetration of organized retail is 
principally expanding the plastic product application scope. Because plastics 
are transparent, tough, flexible, and rigid, lightweight, and versatile forms of 
packaging, various industries such as food and beverage, personal care need 
plastic packages. The primary functions of packaging are to offer protection 
to the products and to ensure efficient transportation over long distances and 
storage. The growing use of rigid HDPE and polycarbonate plastic canisters, 
bottles and tanks for industrial packaging applications, as opposed to wraps, 
films and bags, is likely to promote better market growth for rigid plastics 
as compared to flexible plastics. Because of its increasing use in industrial 
applications, the rigid sector is forecast to rise steadily. 

The global production of petroleum plastics (fossil fuel-based plastics) saw a 
dramatic increase, from 2 million tons in 1950 to more than 454 million tons in 
2018. Between 1950 and 1980, 9.7 billion tons of plastics were produced, 50% 
of which was after 2005. Projections based on present growth rates indicate 
that plastics production should double by 2025 and more than triple by 2050. 
Among all types of plastics introduced in the market since 1950, PP and LDPE 
account for 17 and 1696, respectively, of the global plastic production followed 
by HDPE (13%) and poly-phthalimide (13%). Additives used in plastic products 
manufacturing also have a significant share in global plastic production (6%). 


1.3.3.4 Plastic waste generation 

1.3.3.4.1 Sources and types of plastic waste 

In general, plastic waste generation rates are influenced by economic 
development, the degree of industrialization and public habits. These 
parameters are used to estimate plastic waste generation in different countries 
worldwide. The generation of plastic waste can be classified into pre-consumer 
or industrial plastics waste, and post-consumer plastics waste. In terms of 
pre-consumer plastic waste, the amount of waste comes from production of 
plastic resins and plastic products. Plastic resin is generated in synthetic resin, 
by-product, and residual resin production processes when sieving. Moreover, 
these kinds of plastic resin products could be directly recycled in the plastic 
factories. Some edge, gate, and defective products are inevitably generated 
in the plastic production and re-processing process. These types of plastic 
products could be directly disposed of in plastic factories. Meanwhile, the 
post-consumer waste comes in the form of municipal solid waste, which comes 
from the post-consumer market, such as industrial and agricultural plastic 
waste, commercial plastic waste, and residential plastic waste, as well as in 
the following economic sectors: distribution and large industry, agriculture, 
construction, and demolition, automotive, electronics, and electric. Plastic 
packaging has the largest share (55.890) in the market. It is also the biggest 
plastic waste generator accounting for 46% of plastic waste generation, as 
illustrated in Figures 1.1 and 1.2 (Geyer et al., 2017). 


1.3.3.4.2 Plastic waste management 
Of the 8.5 billion tons of plastics that have been introduced in the market 
between 1950 and 2015, a total of 5.8 billion tons of plastic waste have been 


Introduction 11 


Plastic production 


Building & 
Construction (16%) 
Packaging 
(35.8%) 


a Electrical & 
Electronic (4.3%) 


Textiels (14%) 


Consumer products 


(10.3%) Industrial 
machinery (0.6%) 


Transportation (6.6%) 


Figure 1.1 Plastic production (percentages) (454 300 000 tons) (Source: adapted from 
Geyer et al., 2017). 


generated. Of that, 12% has been incinerated, 9% recycled, and around 60% 
discharged in landfills or the environment. Plastic waste is disposed of in 
landfills and dumpsites in large amounts (56%) or escapes into the environment 
as shown in Figure 1.3. According to a UNEP (2020) report, plastic waste 
recycling and incineration have increased over the years, reaching 19% and 25, 
respectively. 


Plastic waste generation 
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& Electronic (4.2%) 
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Figure 1.2 Plastic waste generation (percentages) (342 600 000 tons) (Source: adapted 
from Geyer et al., 2017). 
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Figure 1.3 Treatment of plastic waste (percentages) (Source: adapted from Geyer et al., 
2017). 


1.3.3.5 Single-use plastic and its distribution production by region 
Single-use plastics, referred to as disposable plastics, are designed to be 
discarded after a single use. They are commonly used as plastic packaging 
and are intended to be used only once before being discarded or recycled. 
Some examples are plastic bags, straws, coffee stirrers, water bottles and most 
food packaging (UNEP, 2018a, 2018b). Plastic packaging is mostly single-use, 
especially in business-to-consumer applications, and most of it is discarded the 
same year it is produced (shown in Figure 1.4). Global consumption of plastics 
can be estimated by observing the amount of plastic waste produced. 

Plastic products have long life spans (or product lifetimes): building and 
construction materials (35 years), industrial machinery (20 years), plastic 
products in the transportation sector (15 years), electrical/electronic plastic 
products (8 years) and textiles (5 years). However, the majority have a 
short life cycle lasting between one day (e.g., disposable plastic cups, plates, 
takeaway containers or plastics bags) to three years (e.g., food and drink 
containers, cosmetics, or agricultural film). Currently, a global analysis of 
all mass-produced plastic is conducted by developing and inputting, into a 
comprehensive material flow model, global data on the production, use, and 
end-of-life fate of polymer resins, synthetic fibers, and additives (UNEP, 2020). 
Estimated decomposition times for plastics and other common marine debris 
items are shown in Figure 1.5. 
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Figure 1.5 Average decomposition times of typical marine debris items (Source: adapted 
from UNEP, 2020). 


1.4 MISMANAGED PLASTIC LITTER IN WASTE MANAGEMENT 
PRACTICES 


1.4.1 Disposed of plastic waste in municipal solid waste 
Plastic waste in municipal solid waste is distributed between three categories: 
plastics in use, post-consumer managed plastic waste, and mismanaged plastic 
waste, the last of which includes urban litter. Managed waste is accounted for 
and is typically disposed of by incineration or landfilling. Packaging-related 
plastics have a particularly short in-use phase and become, subsequently, 
mismanaged waste. Mismanaged waste also includes inadequately contained 
waste such as in open dumps and is therefore transportable via runoff and 
wind. Street sweepers and concerned citizen groups may have collected some 
mismanaged waste. Both per capita use of plastics and the population density 
at a given location determine consumers’ local plastics demand, representing 
the in-use category. The former generally scales with the local gross domestic 
product, with the more affluent countries using as much as over 100 kg per 
population per year. However, in populous countries such as India or China, a 
relatively low per capita use of plastics coupled with a high population density 
can still yield a large amount of plastic waste (Lebreton & Andrady, 2019). 
Plastic waste in developed countries can go through a well-established 
material recycling process, resulting in recycled plastic materials with some 
added value and energy recovery at the transfer station and final disposal site. 
Nevertheless, this behavior is not commonly adopted in several developing 
countries. Figure 1.6 indicates municipal plastic waste has a considerable share 
in the composition of municipal solid waste in both developed and developing 
countries. 
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Figure 1.6 Plastic waste in MSW (per capita per day) (Source: Areeprasert et al., 2017). 


Mismanaged waste is the sum of either littered or inadequately disposed 
of waste, including disposal in dumps or open, uncontrolled landfills. The 
figure of mismanaged plastics is therefore linked to the effectiveness of 
waste management worldwide. Jambeck et al. (2015) estimated that the total 
mismanaged plastic waste from the coastal population accounted for 51.9 
million tons in 2010. Later Lebreton et al. (2019) estimated that for the 2015 
calendar year, between 60 and 99 million metric tons out of 181 million tons 
of global municipal plastic waste were improperly disposed of and released 
into the environment. Countries in Southeast Asia and the Pacific have the 
highest share of plastic waste deemed inadequately mismanaged and led to 
the escape of plastics in the terrestrial and marine environment. In Asia and 
sub-Saharan Africa, between 80 and 9096 of plastic waste is inadequately 
disposed of, with China, Indonesia, the Philippines, Thailand, and Vietnam 
producing half of all plastic waste in the world's oceans. On the contrary, 
high-income countries such as European countries, North America, Australia, 
and Japan have effective waste management systems, and almost no plastics 
waste is considered inadequately managed. Scientists estimate that 8.5 billion 
tons of plastic had been produced globally by 2015, over a ton of plastics for 
every person on the planet. Of this, 6.5 billion tons (76%) had been discarded 
as waste. Between 1950 and 2015, 9% of plastic waste was recycled, 12% 
was incinerated, and the remaining 79% has accumulated in landfills and 
the environment. The total amount of waste generated per person varies 
significantly between countries in Table 1.3. 
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Table 1.3 Total solid municipal waste and plastic waste estimates. 


Waste Generation Plastics in Waste Plastic Waste Per 


Countries Rate (g: Person: Day) Stream (96) Capita (g: Person: Day) 
Denmark 1160 2:25 26 
Canada 2160 1.6 35 
Japan 1940 3 58 
Spain 950 11 104 
Australia 1190 9 107 
France 1540 7.6 117 
New Zealand 1370 9 124 
Ireland 1990 8 159 
Germany 1610 12.4 199 
United Kingdom 1720 13 224 
United States 1330 20 266 


Source: Lebreton et al. (2019) 


1.4.2 Present pollution trends 

Over the past decade, efforts have been made to define and quantify different 
sources of plastic leakage, either at the country level or globally, into the 
terrestrial environment and waterways in Table 1.4. Plastics which may escape 
and are found in the environment are defined as macroplastics or microplastics. 
Macroplastics are large plastic waste that usually enters the marine environment 
in their manufactured sizes, while small plastic particulates below 5 mm in 
size are called microplastic. Microplastics may be plastics that directly escape 
into the environment through small particles (e.g., microplastics in cosmetics, 
textiles, etc.) or maybe the result of plastic fragmentation once exposed in the 
environment due to photodegradation/or weathering. 

Plastics that escapes to the environment can have various land-based and 
ocean-based sources. The main on-land-based sources is the uncontrolled 
dumping of waste, which is usually the result of littering by public members from 
day-to-day and recreational activities, and of the absence of waste management 
systems. Additionally, plastics can end up in the environment in two ways; (1) 
through direct dumping of plastics into the terrestrial and/or surface aquafers 
including high amounts of plastics dumped directly into the rivers, and (2) 
through non-engineered landfills or dumpsites after collection. 


Table 1.4 Plastic and microplastic losses to the environment. 


Million Tons of Plastic Million Tons of Microplastic 
Study Losses to the Environment Losses to the Environment 
Ryberg et al. (2019) 9.2 3.0 
UN Environment (2018c) 8.28 3.01 


Boucher and Friot (2017) - 3.5 
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Table 1.5 Collected items from the top 10 most found items made of plastic. 


Items Quantities (tons) 
Cigarette butts 5 716 331 
Food wrappers 3 728 712 
Straw stirrers 3 668 871 
Forks, knives, spoons 1 968 065 
Plastic beverage bottles 1754 908 
Plastic bottle cups 1390 232 
Plastic grocery bags 964 541 
Other plastic bags 938 929 
Plastic lids 728 892 
Plastic cups and plates 656 276 


Source: Ocean Conservancy (2019) 


Suffice to say that plastic waste is now accumulated in landfills and in the 
natural environment. However, the number of landfills in some locations is 
exponentially increasing, which means less space is available. Also, in the future, 
because of the longevity of plastics, disposal to landfills may become problematic 
resulting in a significant source of contaminants to aquatic environments. 
Coastline (Beach), an ocean conservancy, holds a long record of items collected 
during annual Beach Cleanup activities around the globe since the 1980s. The 
International Coastal Cleanup was organized in 2018 with 1 080 358 volunteers 
who removed 10 584 tons of litter, totaling 35.9km of coastline around the 
world. Of the collected items, the top 10 most found items were made of plastic 
(including cigarette butts, which contain plastics filters) as shown in Table 1.5. 

Along the Algerian coast, the National Waste Agency reported that nearly 
81% of the collected waste is plastics, mainly single-use plastics. Due to the 
circular ocean currents, plastics can be moved and transported worldwide. 
Floating plastic waste has been shown to accumulate in five subtropical gyres 
that cover 40% of the world’s oceans. Several researchers have made attempts 
to provide the number of plastics entering the environment and the sea each 
year. It is reported that more than 10 million tons of plastics enter the ocean per 
year, with an estimated 40% of that falling into the single-use category, while 
hundreds of thousands of tons of lost, abandoned and discarded fishing gear 
litter the world’s oceans. Microplastics account for around 1.5 million tons of 
plastics entering the ocean in Table 1.6. 


Table 1.6 Plastics and microplastics entering the marine environment. 


Study Plastics (million tons) Microplastics (million tons) 
Jambeck et al. (2015) 4.8-12.7 N/a 
EUNOMIA (2016) 12.0 0.95 


Boucher and Friot (2017) 10 1.5 
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According to Boucher and Friot (2017), most of the global plastics leakage into 
the ocean comes from China (2.21 million tons per year), followed by India and 
South Asia (1.99 million tons per year). Macroplastics in the marine environment 
are expected to have the same composition as the macroplastics found on the 
coastline, including abandoned and discarded fishing gear. Microplastics in the 
marine environment mainly come from washing synthetic textiles followed by 
tiny bits of tire rubber material due to wearing down of car tires. 


1.4.3 Degradation of plastics in the environment 

Degradation is the partial or complete breakdown of a polymer under the 
influence of environmental factors such as water, heat, light, microbes, and 
mechanical actions. Most polymeric materials that enter the environment are 
subjected to degradation caused by a combination of factors, including thermal 
oxidation, photo-oxidative degradation, biodegradation, and hydrolysis. Plastics 
are man-made long-chain polymeric molecules. Over time, the stability and 
durability of plastics change continuously. Any physical or chemical change in 
the polymer is caused by environmental factors, such as light, heat, moisture, 
chemical conditions, or biological activity. Degradation of plastic polymers 
can generally be classified as biotic or abiotic, following different mechanisms, 
depending on a variety of physical, chemical, or biological factors. Polymers are 
converted into smaller molecular units (e.g., oligomers, monomers, or chemically 
modified versions) and possibly are completely mineralized. The important 
processes for the degradation of polymers include physical degradation (abrasive 
forces, heating/cooling, freezing/thawing, wetting/drying), photodegradation 
(usually by ultraviolet radiation (UV) light), chemical degradation (oxidation or 
hydrolysis) and biodegradation by organisms (bacteria, fungi, algae). 


1.4.3.1 Hydrolytic degradation 

Most polymers such as polyolefins, including PE, PP and copolymers, are 
hydrophobic. Other vinyl polymers, such as PS and halogenated vinyl polymers, 
and for most rubbers are also hydrophobic. In general, polymers with pure 
carbon backbones are particularly resistant to most types of degradation. 
Hydrolysis is the cleavage of bonds in functional groups by reaction with water. 
This reaction occurs mainly in polymers that take up a lot of moisture and that 
have water-sensitive groups in the polymer backbone. The rate of hydrolytic 
degradation can vary from days to years depending on the type of functional 
group, structure, morphology, and pH. Some synthetic polymers that degrade 
when exposed to moisture include polyesters, polyanhydrides, polyamides, 
polyethers and polycarbonates (Gewert et al., 2015). 


1.4.3.2 Thermo-oxidative degradation 

Temperatures and oxygen levels affect plastics. Certain plastics will fragment 
more rapidly in regions with higher temperatures. High temperatures increase 
the rate of chemical reaction, generating greater degradation. There are reports 
that PS or polycarbonate has the possibility of thermal degradation under the 
subtropical condition (30-50°C). The light-initiated oxidative degradation is 
accelerated at higher temperatures depending on the process's activation energy 
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(E,); for example, for an E, of about 50 kJ/mol, the rate of degradation doubles 
when the temperature rises by only 10?C. Activation energy is the minimum 
amount of energy required to initiate a reaction in which it is the height of the 
potential energy barrier between the potential energy minima of the reactants 
and products. Activation energy is denoted by E, and typically has units of 
kilojoules per mole (kJ/mol) or kilocalories per mole (kcal/mol). 


1.4.3.3 Photo-degradation 

Most plastics degrade primarily through photo-degradation in the environment. 
UV radiation in sunlight (100-400 nm) plays a key role in photo-oxidation, 
which induces plastic degradation. The photo-oxidative degradation of common 
polymers such as LDPE, HDPE, PP, and aliphatic polyamides (nylons) exposed 
to the environment is predominantly caused by UV-B radiation (280-515 nm) 
from sunlight. Once started, the breakdown can accelerate thermo-oxidatively 
for a while without the need for more UV exposure. If oxygen is accessible 
in the solution, the autocatalytic degradation reaction sequence can continue. 
The molecular weight of the polymer is reduced during photo-degradation, and 
oxygen-rich functional groups are formed in the polymer. 


1.4.3.4 Biodegradation 

The conventional polymers such as PE, PP, PS, PET, nylons, PVC, and the 
composites and/or blends of these polymers prolong biodegradation rates and 
thus remain semi-permanently disposed of in the sea. The microbial species 
that can metabolize these polymers are rare in nature. Several features of PE 
make it resistant to biodegradation. Among these features are (1) highly stable 
C-C and C-H covalent bonds; (2) high molecular weight, which makes it too 
large to penetrate the cell walls of microbes; (5) lack of readily oxidizable and/ 
or hydrolyzable groups; and (4) highly hydrophobic nature. 

Bacteria and fungi are involved in the degradation of both natural and 
synthetic plastics. The biodegradation of plastics proceeds actively under 
different soil conditions according to the properties because the microorganisms 
responsible for the degradation and optimal growth conditions in the soil differ 
from each other, including polymer characteristics, type of organism, and nature 
of pretreatment. In the degradation process, the polymer is first converted to its 
monomers, and then these monomers are mineralized. The initial breakdown 
of a polymer can result from a variety of physical and biological forces. Physical 
forces, such as heating/cooling, freezing/thawing, or wetting/drying, can cause 
mechanical damage such as cracking of polymeric materials. 

During degradation, exo-enzymes from microorganisms break down complex 
polymers yielding smaller molecules of short chains, for example, oligomers, 
dimers, and monomers, that are small enough to pass the semi-permeable outer 
bacterial membranes, and then to be utilized as carbon and energy sources. 
Environmental conditions often determine dominant groups of microorganisms 
and the degradative pathways associated with polymer degradation. When 
O, is available, aerobic microorganisms are mostly responsible for the 
destruction of complex materials, with microbial biomass, CO,, and H,O as 
the final products. In contrast, under anoxic conditions, anaerobic consortia 
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Table 1.7 Various polymer degradation routes. 


Factors 
(Requirement/ Thermo-Oxidative 
Activity) Photo-Degradation Degradation Biodegradation 
Active agent UV-light or high- Heat and oxygen Microbial agents 
energy radiation 
Requirement of Not required Higher than the Not required 
heat ambient temperature 
required 
Rate of degradation Initiation is slow. But Fast Moderate 
other consideration propagation is fast 
Other Environment friendly Environmentally not Environment 
considerations if high-energy acceptable friendly 
radiation is not used 
Overall acceptance Acceptable but costly Not acceptable Cheap and very 


much acceptable 


of microorganisms are responsible for polymer deterioration. The primary 
products will be microbial biomass, CO,, CH,, and H,O under methanogenic 
(anaerobic) conditions (Dussud et al., 2018). 


1.4.3.5 Mechanical degradation 

Mechanical degradation can happen through the combined efforts of wave and 
tide action, and abrasion of sediment particles, which can scratch the surface 
of the plastics and increase its rate of fragmentation. In most cases, the aging 
of the polymer by environmental influences, such as photo-degradation or 
chemical degradation of additives, changes the polymer properties and leads to 
the embrittlement of the polymer. This degradation generally leads to smaller 
plastic particles, with sizes between 1 and 5000 um. Such particles are classified 
as microplastics. However, mechanical degradation can lead to nano-plastics 
when the plastic particles are reduced to the size range smaller than that of 
microplastics. 


1.4.3.6 Combined degradation processes 

The degradation of the most common plastics encountered in the environment 
is attributed to the combined actions of sunlight, atmospheric oxygen, and 
seawater. Among the degradation processes involved, the most important is 
photo-oxidation, followed by mechanical action and thermal oxidation, and to 
a lesser degree, biodegradation and hydrolysis in Table 1.7. 
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2.1 SOURCES, OCCURRENCE, FRAGMENTATION AND DEGRADATION 
OF PLASTIC LITTERS 


2.1.1 Entry routes into the environment and food chain 
When plastics enter the environment as macro- or microplastic (MP), they 
break into small particles over time, contaminating all areas of the environment 
(air, water, and soil), accumulating in food chains, releasing toxic additives or 
concentrating additional toxic chemicals in the environment, and rendering 
them bioavailable for direct or indirect human exposure. 

Plastic litter is ubiquitous in the environment in various sizes. As a result, 
the health effects and exposure routes of plastic pollution depend on the sizes 
ranging from ‘nano-particles’ to ‘macroplastics.’ 


*Macroplastics' are generally defined as plastic items larger than 5 mm. 

‘Microplastics’ are generally recognized as synthetic organic polymer 
particles less than 5 mm at their longest point. 

*Nanoplastics' are generally defined as plastic items with sizes between 1 
and 100 nm. 


e Macroplastics 

Macroplastics can be distributed in aquatic, terrestrial and atmospheric 
environments via different transport routes such as wind and water cur- 
rents (Lechthaler et al., 2020). The details oftransport paths of macroplas- 
tics in different environmental compartments are provided in Chapter 4. 

The majority of micro-plastics discovered in the ocean are ‘original 
consumer items.’ The plastic items that reach the environment are listed 
in a recent collection of the top 20 most prevalent products detected in six 
separate worldwide sets of coastal data. Food and beverage packagings 
(such as wrappers), bottles and bottle caps, straws, stirrers, lids, cutlery, 
containers, cups, and plates account for 75% of the items on the list. The 
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remaining items include smoking-related items (cigarette butts, packaging, 

and lighters), as well as bags, balloons, diapers, condoms, tampons, and 

six-pack holders. 
e Microplastics 

Microplastics (MPs) that enter the environment can be defined as both 

‘primary and/or secondary microplastics, 

° Primary MPs are defined as MP produced as ‘original products in micro- 
sizes’. This includes pre-production plastic in the form of powders and 
pellets (5 mm in size) used in producing plastic consumer products. 
MPs are leaked from processing and transportation facilities, mostly 
as a result of poor housekeeping standards during the shift from rail, 
truck, and storage sites to processing facilities. Microbeads, which are 
found in hand cleansers, face cleansers, and toothpaste, are another 
form of primary MPs. 

° Secondary MPs are the ‘degraded plastic pieces of larger consumer 
products.’ Common MPs reported in many studies on shoreline litter 
are degradants of textile fibers and particles from automobile tires 
which originally are macro-sized plastic products. 

Studies have shown that MP particles are commonly found in personal 

care products, accounting for a range between 0.0590 and 1296 of the 

ingredients. Asa result, many countries such as the United States, Canada, 

Australia, the United Kingdom, New Zealand, Taiwan, and Italy now 

have banned the primary MPs in production of personal care products. 

* Nanoplastics 

Nanoplastics are being more widely used in paints, adhesives, 

medicines, electronics, and 5D printing. These are then released into the 

environment as primary nanoplastics products. Secondary nanoplastics 
result from continued degradation of MPs, similar to the secondary MP 
process. 


2.1.2 Plastic litter in the environment and food chains 

2.1.2.1 Numbers and characteristics of plastic litter in the food chains 

It has been commonly reported recently that humans are becoming exposed 
to plastic pollution. The abundance and concentration of plastic litter found 
in different places are key factors causing adverse impacts on human health 
via the food chain. According to recent research findings, ‘humans can easily 
be exposed to micro and nanoplastics in three ways: drinking contaminated 
water, consuming contaminated food and breathing polluted air’ (WHO, 2019). 
All kinds of plastics, namely macro-, micro- and nano-plastics can be found in 
the environment and the food chain. 


2.1.2.2 Numbers and characteristics of MPs (MaP) 

As macroplastics occur and accumulate in different environmental 
compartments, their numbers and concentrations significantly lead to different 
levels of health risk. In the case of macroplastics, concentration in the 
environment can be found in freshwater, marine, and terrestrial environments. 
An estimated 1.15-2.41 million tons of plastic waste depending on waste 
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management, population density, and hydrological information was reported 


in 2017 alone (Lechthaler et al., 2020). 


Moroever, it has been reported that 91% of mismanaged plastic waste in 
the African and Asian continents were transported and accumulated along 
waterways, making rivers the main input path leading plastic waste into the 
oceans as shown in Table 2.1 (Lechthaler et al., 2020). 


Table 2.1 Abundance of MPs in freshwater. 


Environment Environmental 
Compartments 


Study Area (Year) 


Average MP 
Concentration/ 
Input/Year 


References 


Freshwater River and sea Italy; the Tiber 


(2018) 


South-East: Vietnam, 
Indonesia, Thailand, 
Malaysia (2019) 


Europe: Italy, The 
Netherlands, France 
(2019) 


France; 
the Rhone 
the Seine (2019) 


Vietnam; the Saigon 
River (2018) 


Black Sea (2014) 


The North Sea by; 
the Elbe 

the Ems 

the Weser (2020) 


The ocean; 
Discharging by 
two Catalan rivers, 
Llobregat and El 
Beses (2020) 


Switzerland; the 
Rhine (2020) 
Switzerland; six 
lakes 


Lakes 


87 600-458 000 
items 


8.76-87.60 
million items 


0.88-876 
million items 


0-175 200 items 
0.93-1.40 
million items 


7500-13 700 
tons 


1533 tons 


Up to 451 tons 
Up to 1.60 tons 
Up to 6.30 tons 


0.40-0.60 tons 


0.88-0.66 
million items 


1800 items/km? 


Crosti et al. 
(2018) 


van Calcar 
and van 
Emmerik 
(2019) 


van Calcar 
and van 
Emmerik 
(2019) 


Van 
Emmerik 
et al. (2019) 


Van 
Emmerik 
et al. (2019) 


Lechner 

et al. (2014); 
Lechthaler 

et al. (2020) 


Schóneich- 
Argent 
et al. (2020) 


Schirinzi 
et al. (2020) 


Vriend 
et al. (2020) 


Faure et al. 
(2015); 

Lechthaler 
et al. (2020) 
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2.1.2.3 Numbers and characteristics of MPs 

MPs enter the human body through the water we drink, the food we eat, and 
the air we breathe, according to a WHO report released in 2019 (Figure 2.1). 
MPs' presence in numerous environmental compartments, such as water, soil, 
air, and organisms, increases the number of possible routes by which humans 
and animals are exposed. This could link to potential sources of transportation 
pathways and its adverse effects on animals and human health. 


e MPs in tap water 


The presence of MPs in the water sources of water supply (surface water, 
reservoir, dam, etc.) resulted in the abundance of MPs in tap water. Several 
investigations have confirmed the contamination of MPs in tap water worldwide 
(Figure 2.2). Previous studies (as summarized in Table 2.2) investigated 159 
tap water samples from 14 countries, half of which were developed countries 
and half were developing countries. The results showed 81% of all samples 
contain a range of 0-61 particles/L of MPs with an average of 5.45 particles/L. 
In particular, tap water in the US was found to contain the highest average 
(9.24 particles/L), while the four countries with the lowest averages were all 
from the European Union countries. As a result, water from more developed 
countries had a greater average density (6.85 particles/L) than that from 
developing countries (4.26 particles/L). The tap water analysis revealed 83% 
contamination, with microfibers accounting for 98% of the particles. Figure 2.5 
shows the examples of anthropogenic particles found in tap water samples from 
the Indian subcontinent and the US. 


* Drinking water 


Studies of MPs contamination in treated tap water and drinking water and its 
potential impact on human health have recently grown in number. MPs found 
in drinking water are a silent problem that threatens people's health globally. 
MPs in commercially bottled water have been reported to be two times more 
abundant than MPs found in tap water. 

A study found that over 90% of the world's most popular bottled water brands 
contain MPs. With these findings, the World Health Organization (WHO) has 
emphasized the potential risks of MPs in drinking water. According to the 
McCarthy (2018) study, 259 bottles bought in 8 different countries, including 
China, Brazil, India, Indonesia, Mexico, Lebanon, Kenya, Thailand, and the 
United States, across 11 leading brands were examined. 

The results showed that the water in the 242 bottles was found to contain 
an average of 525 MP particles/L, while only 17 bottles were confirmed to be 
plastic-free (Figure 2.4). Thus, MP contamination was found in over 93% of 
the bottled water samples. A bottle of Nestlé Pure Life, for instance, contained 
almost 10 000 particles of MPs, while Bisleri, Gerolsteiner, and Aqua bottles 
all had significant quantities (Mason et al., 2018). The bottled water was found 
to be 93% contaminated, with 13% of the particles classified as microfibers. 
Polypropylene, nylon, and PET were among the plastics found in the bottled 
water samples. Furthermore, the study revealed that fragments were the most 


Marine Plastics Abatement: Volume 1 


30 


'6L0c 
‘OHM UJ0JJ pe1depe :82Jn05) eu1eaJq ƏM 11e Əy} pue ea ƏM POO} aU} JUP ƏM J93eM eu usnoJuy Apoq ueuinu əv) Sul931u8 diy EZ aImzn 


, yeung pue 
(6102 “OHAA) :921nos UOReIURWIPIS SS (uens pue ‘Aauoy “əəg) 
, wan xuup pue pooj 18u1O 
5 uorsuadensay pue sasedopew 
dran par 
Sonsejdapnu jo S5»nsejdoniui pue -onew m "3 
Jo suossiwa pensaa, ym 
` 
< poo4 A 
əv wes 
peemeas pu^ 


^o 


Vuen pue usi4 


q- 4 » 
uonisodap mem Juguuq 
pue suorsiwa 32ueudsouiy pue azem ge) 


Plastic litters and public health 31 


Europe 


- je EBEN 45 
f tap water 
ples contained 
plastic fibres ER 
NERAN bəl o Indonesia 
4.8 
India 
mm ms 
Ecuador eo 
Eur] 22 - 
2.2 
A. Average number 
of fibres per 500ml 


Figure 2.2 Percent of tab water samples contaminated with MPs by country (Source: Picó 
& Barceló, 2019). 


Table 2.2 MPs concentration in tap water. 


Country/Sources Number of MPs Concentration 
Samples (Particles/L)@ 
Cuba 1 7.17 + 0.00 
Ecuador 24 4.02 + 3.20 
England 3 7.73 + 4.76 
France 1 1.82 + 0.00 
Germany 2 0.91 + 1.29 
India 17 6.24 + 6.41 
Indonesia 21 3.23 + 5.48 
Thailand NA 0.56 + 0.24 
6 0.62 + 0.38 
Ireland 1 1.83 + 0.00 
Lebanon 16 6.64 + 6.38 
Slovakia 8 3.83 + 4.47 
Switzerland 2 2.74 + 3.87 
Uganda 26 3.92 + 5.17 
USA 33 9.24+ 11.8 
Bottled water 3 3.57 + 1.79 


Note: For countries with only one sample, the density of 
anthropogenic debris is provided as the mean with no values given for 
min., max., or standard deviation. 

Source: Kosuth et al. (2018); Chanpiwat and Damrongsiri (2021). 
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Figure 2.3 Tap water particles. Examples of anthropogenic particles found in tap water: 
(a) fragment, 1 mm in length from the Indian subcontinent; (b) fiber, 2.5 mm in length from 
the U.S. tap water sample (Source: Kosuth et al., 2018). 


common MPs form detected in bottled water samples (65%), which were likely 
produced by a different source of contamination than tap water. Polypropylene 
was the most popular polymeric material for particles bigger than 100 m (549/), 
which is similar to the most common plastic used for bottle caps. Nestle Pure 
Life water, which can be purchased on Amazon.com, had the highest average 
MP density, at 2247 particles/L. The number and properties of MPs can be 
linked to their origins and possible effects on ecosystems and human health. 
Despite the lack of proof that consumption of these MPs might cause health 
concerns, it has lately been a source of concern. 


* Food 


MPs and associated hazardous compounds in plastic food packaging and 
drinking water are significant sources of food contamination. However, 
contamination extends beyond packaged food; natural food chains are 
also a source of contamination. Both sea-based and land-based food chain 
contamination requires more research. 


* Fish and Shellfish 


Many studies have investigated the impact of plastics in the ocean. MPs 
have been found in more than 690 marine species, ranging from small 
zooplanktons to vast marine animals. Many commercially significant species 
have also been confirmed to be contaminated with plastic particles. The 
majority of MP ingestion in humans comes from ‘seafood’ species that are 
consumed entirely, such as mussels, oysters, shrimp, crabs, and some small 
fish. MP contamination of seafood may not be limited to ingestion of the 
species mentioned above; it is possible that other seafood, such as fish muscle 
tissue, may be contaminated either within the organism or during preparation 
(Figure 2.5 and Table 2.3). 
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Because they filter water, bivalves (such as mussels, oysters, clams and 
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After harvesting, shellfish are usually kept in clean water to get rid of 
shellfish microplastics, others 


others) can absorb and excrete microplastic present in the sea water contaminants. expel some while 
where they are cultivated inside, reach the market and end up on the consumer's plate 
. 
LJ . ° . e . 
..... sj. Water exhaled 
Seo water inhaled 
b .....0.2...........7 507. 


Figure 2.5 An example of hovv MPs could end up on a consumer:s plate (Source: Smith 


et al., 2018). 


Table 2.3 Examples of MPs in the environment and food chain (MPs in animals and 


seafood). 
Study Area Animal Figure PS Size 
(um) 
Marine Juvenile qv <30 
5 , 7 30-300 
epartment, shrimp 
Chulalongkorn (Penaeus 30071090 
University monodon) 
Maptaphut, Blue PET, PP, PS, 
Rayong swimming r” ^ Polyester, 
province crab Nylon 
Goldstripe “ə PET, PE, PP, 
sardinella Nylon 
Silver —— PET, 
sillago Polyester, 
Nylon 
Green PET, PE, PP, 
mussels 


ef Reference 

(Items/ 

ind.) 

25 Phothakwanpracha 

19 et al. (2021) 

19 

1.50 Fangsrikum et al. 
(2021) 

3.90 

1.88 

0.75 


*Lethal concentration fifty; LC; (More detail of LC», is described in 1.3.5: Ecotoxicological Assessment of 


Microplastics.) 
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* Seaweed 


MP particles often attach to the surface of edible seaweed species at high 
exposure levels, indicating that humans can be exposed to MP through eating 
seaweed (Fucus vesiculosus). The quantity of MP particles was reduced by 
94.5% after a thorough wash before using the seaweed for cooking. In China, 
MPs have been detected in both final commercial seaweed nori products and 
intermediate products (Pyropia spp.) at different processing stages (Figure 2.6). 
In commercially packaged nori, polyester is the most common MP component. 
The most common polymer found in factory-processed nori is polypropylene 
(Table 2.4). 


* Salt 


MPs have been detected in rock salt and sea-salt samples, indicating that there 
is a high background level of plastic pollution in both marine and terrestrial 
ecosystems (Figure 2.7). MP contamination in packaged salt and other food 
products packaged in plastic can also occur during processing and packing. 
A case study of commercial sea salt from various salt-producing regions was 
conducted using 12 brands of commercial sea salt. It was found that the MP 
concentrations of the brands sampled ranged from 46.7 to 806 particles/kg, 
with a mean of 212 particles/kg (Table 2.5). The color distribution of particles 
was found that blue and red/pink were prominent colors among all samples 
(Figure 2.8). 


* Beer 


A study (Kosuth et al., 2018) sampled 12 brands of beer in the USA and found 
that MPs were detected in all samples with the average particle count for each 
brand ranging from 0 to 14.5 particles/L, with a mean of 4.05 particles/L (Table 
2.6). The vast majority (98.4%) of the 189 particles found were fibers, whereas 
the remaining were fragments. The fibers measured 0.98 mm on average, with 
a range of 0.1-5 mm (Figure 2.9). Nine of the 12 beer samples included one or 
more particles in the second filtration phase, totaling 17 particles among all 
the samples. In Figure 2.10, blue was the most prominent color among the 189 
particles, followed by red/pink and brown, all of which were detected in tap 
water sample also collected in the study. Although anthropogenic particles were 
found in both the municipal tap water and the beers sampled, there seemed to 
be no correlation between the two. 


2.1.2.4 Case studies of small MPs and nanoplastic contaminations 
The small micro- and nanoplastic contaminations were commonly observed in 
the environments or in daily used products. Several previous case studies reported 
and highlighted the contaminations of MPs in the atmosphere, food packaging 
chemicals and receptors of plastics in the environment and food chains. 


e MPs in the atmosphere 


Because of their small size and low density, MPs are potentially transferred to 
air and are easily transported by wind. Compared to MPs in other ecosystems, 


Marine Plastics Abatement: Volume 1 


36 


`(0Z0¿Z "Je 39 17 :924n0S) SƏUO 3j9| 11047} 0) s9[oned Suipuodsa4100 au JO e1128ds YI-L4 peKejdsip (55 
‘Eq £y) uunjoo pulu eui pue 'sauo 1Jə| 11947 0) se2Jnos 1u949JJIp LOI) pe1e|osi Sajoied 2nsejd əv) pewous (“2 g y) uunjoo puooes əy} ul 
sude.3oşoud jeondo 'AjaoAno2edsai ənpold uou pap e pue Ap SUISSADOJd uou e ous WIE} uou e WO peudeJ803oud asam (‘9 "g "ei 
uuun|o2 1sJlJ BU} ui sə|duues LION "Ado2so4128ds YI-L4-7/ pue ÁdoosoJolui jeondo UUM pesse2oJd-/40126J WOJ} se|duues Lou ul SAIN 9'z eJn8iJ 


(*i96)suxdoxdQog " 3 


(6,06 )əəşidosdAqoq * g 


(eş 16)əvəşidosdAoq ' v 


soporued ənselq 


Plastic litters and public health 37 


Table 2.4 MPs in commercial seaweed nori (Pyropia spp.) 


The Abundance 

of MPs, Items/g MPs Size, MPs 
Sample (dw) mm Shape  Typesof MPs Color of MPs 
Twenty-four 0.9-3.0 (average: 0.11-4.97 Fiber Polyester Blue-green 
brands of 1.8 + 0.7) (median (85.2%) (18.9%) (41.4%) 
commercially size: 1.13) 
packaged 
nori in China 
Factory- 10-2.8 (average: 0.07-4.74 Fiber Polypropylene Blue-green 
processed 1.8 + 0.6) (median (64.8%) (16.3%) (48.1%) 
nori size: 0.85) 


MPs in the air can be directly and continuously inhaled into the human body, 
posing serious health risks. 

To date, only a few studies have examined the presence of MPs in the 
atmosphere. In a study conducted in Greater Paris, MPs were detected in air 
fallout for the first time, with an average of 118 particles/m?/day (Dris et al., 
2015). More than 90% of the MPs found were fibers, with 50% of them being 
longer than 1000 um. Dris et al. (2016) also examined two sites in Paris, reporting 
that air fallout fibers were present with the concentrations of 110 + 96 (urban 
site) and 53 + 58 (sub-urban site) particles/m?/day (29% MPs). The authors 
suggested that the variance in MP concentrations in air fallout between the two 
sites was due to the density of the surrounding population. Dris et al. (2017), in 
their study conducted in Paris, found that indoor fiber concentrations (4.0-59.4 
fibers/m?, 33.3% MPs) were greater than outdoor fiber concentrations (0.3- 
1.5 fibers/m?). MPs are continuously generated by indoor furniture, cleaning 
practices and activities, and lower rates of indoor air renovation may result 


Figure 2.7 Sea-salt particles. Examples of particles found in sea salt: (a) fiber, 1 mm in 
length from the Pacific Ocean sourced sea salt; (b) fiber, 1.5 mm in length from the Atlantic 
Ocean sourced sea salt (Source: Kosuth et al., 2018). 
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Table 2.5 Summary of sea-salt results. 


Salt ID MPs Concentration 
(Particles/kg)@ 

North Sea salt 66.6 + 5.61 
Celtic Sea salt 1 113 + 1.53 
Celtic Sea salt 2 187 + 8.19 
Sicilian Sea salt 220+ 2.31 
Mediterranean Sea salt 1 133 + 3.06 
Mediterranean Sea salt 2 133+4.16 
Utah Sea salt 113 + 2.08 
Himalayan Rock salt 367 + 12.7 
Hawaiian Sea salt 46.7 + 0.58 
Baja Sea salt 173 + 5.79 
Atlantic Sea salt 180 + 4.16 
Pacific Sea salt 806 + 15.3 


in high concentrations of indoor MPs, but the dilution of the air outdoors can 
greatly reduce MP concentrations. 

Cai et al. (2017) investigated three sample sites in Dongguan, China and 
found that the average concentration of MPs in the atmosphere was 367 
particles/m?/day. Twenty-three percent of the MPs found were fibers, while 


11 19 


25 


203 


s Other » Multicolor s Black Clear s Red/pink Blue 


Figure 2.8 Sea salt particle colors. The color distribution of particles vvas extracted from 
12 brands of sea salt (Source: Kosuth et al., 2018). 
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Table 2.6 Comparison of MP particle count in beer and its corresponding 
municipal tap water. 


Number of The Average Number 
Particles in Tap of Particles in Beer 

Municipality Water (Particles/L) (Particles/L) 

Duluth, Minnesota 1 276 

Milwaukee, Wisconsin 3 1.30 

Chicago, Illinois 2 14.5 

Holland, Michigan 2 2.50 

Alpena, Michigan 1 1.30 

Buffalo, New York 1 3.00 


Clayton, New York 1 8.00 


Note: (r = 0.016), which would seem to indicate that any contamination within the beer 
is not just from the water used to brew the beer itself. 


84.6% of all other forms (films, bits, and foams) (Cai et al., 2017). According 
to Liu et al. (2019b), atmospheric MPs may be detected throughout Shanghai, 
with a mean concentration of 1.421.42 particles/mš. The lowest concentration 
was discovered near the sea due to dispersion of MPs by the water or delivery 
onto land by winds, as well as a lack of significant sources of fibers. MP 
concentrations were found to be greater at 1.7 m above ground level in the city 
than they were at 80 m. However, owing to wind mixing in the troposphere, no 
significant differences in concentrations were identified between the two sites. 

Klein and Fischer (2019) reported that during December 2017 and February 
2018, a median of 275 particles/m?/day of MPs were detected in atmospheric 
fallout in Hamburg, Germany, and fragments (9590) were the most common 
shape of MPs. Abbasi et al. (2019) investigated microfibers in Asaluyeh County, 
Iran and reported that the number of microfibers/m5 ranged from 0.3 to 1.1. 


Figure 2.9 Beer particles. Examples of particles found in beer: (a) fiber, 0.75 mm in length 
from brewery drawing water from Lake Ontario; (b) fiber, 1mm in length from brewery 
drawing water from Lake Erie (Source: Kosuth et al., 2018). 


40 Marine Plastics Abatement: Volume 1 


9 


7 
7 
14 
84 
23 
45 


s Other "Purple s Black Clear s Brown s Red/pink Blue 


Figure 2.10 Beer particle colors. Color distribution of particles extracted from 12 brands 
of beer (Source: Kosuth et al., 2018). 


Allen et al. (2019) recently published an observation of atmospheric MP 
deposition in a remote, pristine mountain watershed French Pyrenees that is 
difficult for humans to access and far away from significant populations or 
industrial hubs. They found that the average MPs deposition found at this 
remote site was 365 + 69 particles/m?/day, which was comparable to the 
average concentrations observed in Paris and Dongguan city if only fiber were 
included. Chen et al. (2020) found that MPs remained in the atmosphere and 
were transmitted over a long distance. Table 2.7 shows the summary of the 
afore-mentioned study findings. 


* Food packaging chemicals 


Recent research findings revealed that the *major source of human exposure to 
contaminants associated with plastic’ is chemical migration from food packaging 
into food and beverages. With acidic or alkaline foods and UV radiation or 
heat coming into contact with some plastic polymers, plastic degradation can 
occur and toxic monomers such as styrene are released. Plastic additives are a 
varied group of compounds that serve a variety of functions. Since they are not 
strongly bonded to the substance, these additives are another typical source 
of chemicals leaching into food. Chemical migration and leakage are further 
enhanced by non-intentionally added substances (NIAS) such as impurities, 
side products, and contaminants. To prevent food from spoiling, food packaging 
additives are intended to migrate out of the package for this purpose. According 
to a case study at Italian state schools where school meals were investigated 
(Cirillo et al., 2011), plasticizers are easily absorbed by food and beverages. The 
packaging raised the average phthalate concentrations by more than 100%. 
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* Receptors of plastics in the environment and food chains 


In addition to sources and pathways, receptors are a significant aspect of 
consideration of the impact assessment models. Here, fauna and flora are 
regarded as receptors as well as consequences on the ecosystem and economy. 
Based on the sources and pathways, the receptor analysis shows the further 
consequences and implications and thus fills the data for a holistic view of 
MPs in the environment. In addition to the environmental impact, the extent 
to which the economy is affected, which is often neglected, also becomes clear. 


2.2 FRAGMENTATION AND DEGRADATION OF PLASTIC LITTER 


2.2.1 Definition of plastic fragmentation and degradation 
One of the main reasons contributing to the occurrence of MPs in the 
environment is the extensive breakdown and fragmentation of plastics. 


Weathering-related degradation results in a ‘progression of changes’ that 
includes loss in mechanical integrity, embrittlement, further degradation 
and fragmentation (Harshvardhan & Jha, 2013). 

Fragmentation is most likely to occur at ‘advanced stages of degradation’ 
well beyond embrittlement for most plastics, mainly due to exposure to 
solar UV radiation (Andrady, 2011). 

Biodegradation of plastic occurs at a very slow rate; for instance, a study 
revealed that only 1-1.7% decrease in mass was observed in laboratory- 
accelerated degradation of PE over a 30-day duration by microorganisms 
isolated from marine waters (Harshvardhan & Jha, 2013). 

Complete degradation refers to the ‘destruction of the polymer chain and 
its complete conversion into small molecules’ such as carbon dioxide or 
methane (also called mineralization process). The process is distinct from 
degradation which refers to as an alteration in the plastic’s properties 
(e.g., embrittlement, discoloring) or its chemistry (Figure 2.11). 


2.2.2 Influence of plastic fragmentation and degradation 
on its adverse effects 


* Size reduction 


Size reduction of many types of plastics ranging from macroplastics to 
small nanoplastics can occur in the environment under optimum conditions 
of degradation (photodegradation by UV, mechanical degradation, 
biodegradation, etc.). The reduced size contributes to the environmental 
distribution rate, and impacts on ecosystems and human health. Larger 
MPs (2-5 mm) may take longer to pass through organisms’ stomachs and 
may remain in the digestive system, potentially extending the exposure time 
resulting in a higher amount of toxins absorbed (Rochman, 2015). Plastics 
with a diameter of nanometers can easily penetrate through cell membranes 
and accumulate inside living cells (Gilliber et al., 2019) (Figure 2.12). 
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Figure 2.11 Property changes in plastic after degradation (Source: Guo et al., 2019). 


Figure 2.12 Degradation flow and size-based definition of plastics (Source: Gilliber et al., 
2019). 
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* Surface morphological change 


The increased specific surface area of MPs caused by fragmentation provides 
for better contact with water/sediment, resulting in faster chemical leaching 
or sorption rates and more space for biofouling. Degradation is defined 
as any change in the physical or chemical properties of a polymer caused 
by chemical, physicochemical (photodegradation, thermal degradation, 
mechanical degradation), or biological processes. Hydrolysis and oxidation are 
the most common polymer degradation mechanisms, which can be influenced 
by chemical or biological factors, some examples of which are the number of 
polymer branches, the molecular weight, the hydrophobicity/hydrophilicity 
ratio, the crystallinity, and the shape of the polymer. Based on the given factors, 
PVC is most susceptible to degradation, followed by HDPE and PE. (Figure 
2.13) (Fotopoulou & Karapanagioti, 2015). 


* Surface area and porosity 


With the erosion of polymers, the specific surface area of plastics, mainly 
PET and PVC, increases. The pore volume of polymers is altered in numerous 
ways depending on their original condition, which results in different erosion 
processes and attributes after erosion. PET is more sensitive to biodegradation 
and the development of a biolayer that may interact with contaminants due to 
its increased specific surface area (Figure 2.14). 


2.3 BIOACCUMULATION AND BIOMAGNIFICATION 


2.3.1 Definition of bioaccumulation and biomagnification 

Bioaccumulation refers to the accumulation and concentration of contaminants 
in organisms. Bioaccumulation is the sum of all absorption and loss processes, 
including respiratory and dietary intake and losses through egestion, 
passive diffusion, metabolism, transfer to offspring, and growth. As a result, 
bioaccumulation encompasses the more specialized bioconcentration and 
biomagnification processes (Figure 2.15). Bioconcentration is the process of 
chemicals being directly partitioned between water and the organism, resulting 
in higher concentrations in the latter. Biomagnification occurs when the feeder 
takes up contaminants in the diet, resulting in larger quantities in the feeder 
than in the diet. As a result of biomagnification, chemical concentrations rise 
along with trophic position in the food chain. 

Direct uptake from water occurs through respiration, whereas indirect 
uptake occurs through food. Respiration, metabolism, egestion and growth 
dilution are examples of loss mechanisms. From the water to animals, 
bioaccumulating pollutants rise by more than 5000 times. As the total biomass 
per trophic level in the food chain declines (but the contaminants remain), 
contaminant concentrations rise as the food chain progresses (Borgá, 2015). 
MPs can reach the food chain and be transported between trophic levels, 
indicating bioaccumulation and biomagnification (Figure 2.16). 
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Figure 2.13 The surface topography of virgin plastic pellets from SEM for (a) high- 
density PE pellets enlarged 1000 times (note the gray scale bar at the bottom of the 
image; scale bar 60 ım), (b) high-density PE pellets enlarged 5000 times (scale bar 
10 uum), (c) low-density PE pellets enlarged 1000 times (scale bar 60 jum), (d) low-density 
PE pellets enlarged 5000 times (scale bar 10 ım) (Source: 

). 


Figure 2.14 The surface topography of eroded plastic pellets from SEM for (a) PE pellets 
enlarged 1000 times (note the gray scale bar at the bottom of the image; scale bar 60 um), 
(b) PE pellets enlarged 5000 times (scale bar 10 ım), (c) PP pellets enlarged 1000 times 
(scale bar 60 yum), (d) PP pellets enlarged 5000 times (scale bar 10 uum) (Source: 

). 
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Figure 2.15 Bioaccumulation of contaminants (dots) to an organism (fish) as a net result 
of uptake and loss processes (arrows) (Source: Borga, 2013). 


2.3.2 Bioaccumulation of plastics in the food web 

2.3.2.1 Bioaccumulation of plastic particles in environmental media and 
food webs 

Plastic particles interact with marine organisms at all levels of the food chain in 
various ways. Bioaccumulation of plastic particles is a process that is based on 
an organism’s ability to take plastic particles into its body through an exposure 
pathway. MP can be consumed directly or indirectly by organisms and remain 
in the body (e.g., on external appendages; Cole et al., 2013) and/or be absorbed 
(i.e., taken up by the organisms into the body through cell membranes). MP 
absorption is observed in phytoplankton (Bhattacharya et al., 2010; Long et al., 
2015). MPs can be taken up through the gills during the ventilation process, as 
seen in crabs (Watts et al., 2014). 

Over a hundred marine species have reportedly consumed MPs directly as 
food or accidentally capturing them while feeding and/or mistaking them for 
prey (Farrell & Nelson, 2015; Lusher, 2015). 

Adverse physiological and biological effects of MPs have been reported in 
several invertebrates depending on the ‘size of MPs,’ with smaller sizes having 
more cellular impacts (Figure 2.17). Although it has been commonly reported 
that plastics are easily ingested and ejected in the micro-meter range, further 
research is necessary to confirm the contamination of more organisms and the 
effects of MP uptake and retention. 


2.3.2.2 Amount and concentration of accumulated plastic particles in the 
food web through predation 

Few studies have investigated the amount of MPs in tissues or blood fluid of 
organisms collected in the environment. Evidence for internal MP exposure 
is mainly limited to filter-feeding mussels and sediment-feeding polychetes, as 
seen in Table 2.8. 
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Figure 2.17 MP interactions with physical and biological matrices in the marine 
environment. Solid arrows represent environmental links (i.e., how MPs may transfer 
between sediment and water) and dashed arrows represent biological links (i.e., how MPs 
may transfer among trophic levels) (Source: Lusher, 2015). 


2.3.2.3 Bioaccumulation of absorbed contaminants carried by plastic 
fractions (a case study of POPs) 

Plastics, being hydrophobic, tend to ‘absorb hydrophobic persistent organic 
pollutants’ (POPs) such as polychlorinated biphenyls (PCBs) and polycyclic 
aromatic hydrocarbons (PAHs) while circulating in marine and other water 
bodies, resulting in increasing potential threats associated with accumulated 
pollutants. 
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Table 2.8 MP uptake and transition into tissues, cells and organelles of marine animals. 


Species Plastic Exposure Accumulated Average References 
Type and Pathway Organelles Concentration 
Size 
Micro- Ingestion Accumulated NA Browne 
scopic in the gut, et al. (2008) 
poly- then translo- 
styrene cated to the 
particles circulatory 
(3 and system within 
Mytilus edulis 96 um) 3 days and 
were taken up 
by hemocytes 
Accumulated -4.5 + 0.9 Van Cau- 
ae in the gut, particles in wenberghe 
e then moved their tissue et al. (2015) 
from the gut —5.1 + 1.1/100 
Marine to the circula- L of extracted 
mussels (a tory system hemolymph 
species used and was 
for human retained in 
consumption) the tissues 
Accumulated 19.9 + 4.1 
Ca OA inthegutand particles in 
: retained in their tissue and 
the tissues coelomic fluid 
Lugvvorms 
Ingestion Intracellular NA von Moos 
uptake into et al. (2012) 
the digestive 
tubules and 
accumula- 
tion inside 
Marine of lysosomes 
mussels coincides 
Fluores- Inspira- Retained NA Watts et al. 
cently tion within the (2014) 
labelled acrossthe body tissues 
poly- gills of the crabs 
Shore crab styrene for up to 14 
(Carcinus micro- days follow- 
maenas) spheres ing ingestion 
(8-10 um) and up to 21 


days follow- 
ing inspira- 
tion across 

the gill 
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POPs are a type of very toxic chemical pollution that has been identified as a 
severe global threat to human health and ecosystems. Because oftheir potential 
hazards, POPs are subject to limitations and bans under the Stockholm 
Convention on Persistent Organic Pollutants. Plastic additives (softeners and 
flame retardants) recognized by the international community as POPs include 
short-chain chlorinated paraffin (SCCPs), polybrominated diphenyl ethers 
(PBDEs), nonylphenols, octylphenols, and per- and polyfluoroalkyl substances 
(PFAS). Specifically, POPs are lipophilic and are absorbed in fatty tissues 
through the process of bioaccumulation. These POPs can remain intact for 
exceptionally long periods or many years with the half-life varying from days 
to years. In living organisms, including humans, POPs can be found at high 
concentrations and are linked to cancer, reproductive harm, or other diseases. 

In water, accumulated contaminants can exhibit up to 100 times higher 
concentration compared to their background levels. When ingested, some of 
these compounds have been found to desorb into the tissues of marine organisms. 
MP ingestion is possibly a significant source of organic pollution exposure 
for aquatic species. Desorption rates can reach up to 50 times greater in the 
intestinal environment of warm-blooded species (38°C, pH 4) than in aquatic 
systems. As a result, MPs may be more relevant than previously considered in 
mammals, including humans. However, it is questionable how much plastic debris 
contaminated with accumulated pollutants contributes to the body burden (the 
total amount of hazardous chemicals in the body). Furthermore, environmental 
factors such as pH, temperature can affect the absorption-desorption rate and 
pathway of pollutants, which can be both MPs, the pollutants themselves and 
other substances absorbed on MPs, in organisms as shown in Figure 2.18. 


2.3.2.4 Amount and concentration of absorbed contaminants carried by 
plastic fractions (a case study of POPs) 

The amount and concentration (C) of absorbed contaminants carried by plastic 
fractions to other phases/organisms can be determined by the following equation: 


Cbiota 


Cinicroplastic 


K= (2.1) 


where K is partitioning coefficient, Cy,,, is the concentration of an absorbed 
contaminant in the organism/biota and Cm is the concentration of an 
absorbed contaminant on the MP surface. 

As shown in Figure 2.19, the levels of DDT accumulated in the tissues of 
living organisms proceed up the food chain from producers to consumers. 
The DDT quantity in the tissues of the heron at the base of the food chain is 
approximately 1 million times higher than the DDT concentration in the water 
(Yu et al., 2019) 


icroplastic 


2.3.3 Biomagnification of plastic litter in the food web 

2.3.3.1 Transfer of plastic particles to the food web 

MP particles may be transferred through the food web as predators consume 
prey. As the producer and primary consumer, all 10 zooplankton taxa examined 


51 


Plastic litters and public health 


'(6L0c 
"JE 39 nA :82JnOS) syueuiuie1uoo |ELUJOU pue SdIN JO JOIAeYaq uondiosqe pue san4edoud eu uo $40}9e} je3ueuluoJiAue Jo s1294J3 UZ eJngiJ 


3[|242 UOGABD 


52 Marine Plastics Abatement: Volume 1 


Primary consumers 
(small fish) 


— x &, 
(a and ` í li d 4 i 
e Qld NS 


plants) 


Figure 2.19 Level of DDT concentrates on the tissues of various organisms along the food 
chain from primary producers to top consumers (Source: Walsh et al., 2008). 


from the Baltic Sea ingested 10 uum polystyrene microspheres in a laboratory 
feeding experiment. Microparticles found in zooplankton were transferred 
after mysid shrimps consumed them, indicating that MPs can be spread along 
the food chain (Setala et al., 2014). 

Consequently, at the upper level, the crabs (Carcinus maens) were fed mussels 
(Mytilus edulus) that had been exposed to 0.5 m polystyrene microspheres. As 
a result, MPs were found in crabs' stomachs, hepatopancreas, ovaries, and gills, 
with the highest concentration detected 24 hours after feeding. After 21 days, 
the crabs had excreted nearly all of the ingested MPs (Farrell & Nelson, 2015). 
In a similar study, Lusher et al. (2015) found MP particles in the gastrointestinal 
tracts (GITs) of 36% of 504 individual fish collected from the English Channel, 
confirming ingestion of MPs in prey species in the environment. Murray and 
Cowie (2011) also found MPs (mainly plastic strands) in the stomach contents 
of 62% of Norwegian lobsters (Nephrops norvegicus) collected from the Clyde 
Sea, and confirmed that plastic fibers remained in the GI tract of the lobsters. 


2.3.3.2 Transfer of absorbed contaminants carried by plastic fractions (a 
case study of POPs) 

POPs are widely present in the environment in all regions of the world. POPs 
can magnify up to 70 000 times the background level with high persistence 
ability and transmission rate. Organisms at the top of the food chain bear 
the greatest POPs concentration. Successive release over time results in the 
ubiquitous presence of POPs. A serious problem can occur when plastic particles 
absorb POPs, stay in the organism's cell, and desorb toxic substances over time. 
Moreover, POPs absorbed particles can transfer to the next generations during 
pregnancy and breastfeeding. 
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POPs can enter and contaminate fetuses of humans and other mammals 
before birth and can also be passed on to infants through breastmilk. POPs 
are extremely harmful to a developing fetus, causing health problems such as 
neurological diseases and deficits that last an entire life of a child. POPs are 
seriously harmful to infants, children, women, those who are malnutrition, 
and those who have a weakened immune system, such as the sick or elderly. 
Children due to their lower body weight or lower immune response are more 
susceptible to POPs than adults since they are exposed to higher amount of 
pollutants when compared to adults. 


Example of transfer of absorbed contaminants carried by plastic fraction 
In terms of the aquatic food chain; 


mg Biomass 
mg Substrate utilized 


=< 
II 
° 


Notice: 5% of biomass produced from consuming 1 mg of substrate utilized 
(Burian et al., 2020). 

To produce 1 kb of bird biomass, birds need to consume at least 8000 kg of 
phytoplankton 


Tertiary consumers ! kg Bird biomass 


(herons) . 
t 
Secondary consumers sis 1 
) —— 
(large fish) “ey oos ~ 20 kg large fish 
-o mg $ 
t 
Primary consumers a pə .20 = 400 kg small fish 
(small fish) «ec = 0.05 
t 
Producers d , 400 


(phytoplankton) — MAN h “İTİN 8,000 kg phytoplankton 


Question: To supply a certain biomass for human beings, how much 
phytoplankton should be produced? And if plastic particles accumulate in 
phytoplankton, how many plastic particles are transferred to a higher level in 
the food chain, like humans? 


Example 1: Aquatic food chains include plankton, smelt, trout and birds. 
Assume yield coefficients at each level to be 0.15 and that 95% of the pollutant 
is transferred to the next level up the food chain. Assume that DDT has a plastic 
particle to plankton partition coefficient (K,,,,) of 250 000 and 100% desorption 
into plankton cell. If the concentration of DDT in the plastic particle is 1.0 ppt, 
estimate DDT concentration at each level. 
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Solution 1: 


Tertiary consumers ) I C 
(herons) l kg Bird biomass Kaum = = plank — 250000 
d , C plastic 


: ! — 1.0 ppt, y = 0.15 mg/kg 
Second: ons "rS , aroe fic x m : 
vet Y ....... p t $ 6.66 kg large fish *950/ magnification 
< s^ P 
t 
Primary consumers orka 44.44 kg small fish 
(small fish) “şm” ^ ıı Cy = (2.5 x10°)(1 x 107”) 
' p. A = 0.25 x 10-5 or 0.25ppm 
roducers Q 06 29 ko 5 2 . 
(phytoplankton) KS 296.29 kg phytoplankton Weight of DDT in plankton; 
s” — 296.29 x 0.25ppm 
9 @ e ? e — 
pane e e Dor TT ... 
Organisms/ Accumulated Accumulated Weight of Amount 
Predators Concentration of DDT DDT (mg) Transferred 
(mg) 
Bird zə -6&Hopn 63 Spanx ike=635 60.3 
Large fish 7. 10.02 ppm 10.02 ppm x 6.66 kg — 66.8 63.5 
6.66 kg 
Small fish .70.3 m8 1 sg pm 1.58 ppm x 44.44 kg — 70.3 66.8 
44.44 kg 
Phytoplankton 0.25 ppm 74 70.3 


Plastic particles 1.0 ppt 


Example 2: Hexachlorobenzene (HCB) is a plastic particle for plankton partition 
coefficient (K tp) of 200 000; a plankton to smelt magnification factor of 7.5; and 
a smelt to lake trout magnification factor of 5.5. If the concentration of HCB in 
plastic particles is 1.0 ppt, will either fish exceed the fish consumption standards?: 


5 ppm for general consumption 
1 ppm for pregnant and nursing women 


Solution 2: 


K EN Chlankton 
pt/p — 


; Cotankton = [2x 10?][ x 107] = 0.2 x 10? or 0.2 ppm 


plastic 
Cnelt 
C plankton 


Cui 


smelt 


2-75; -75x02-15ppm 


=3.5; = 3.5x1.5=5.25ppm 
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Interpretation: 


* Lake trout exceeds general consumption standards and both species 
exceed the standard for pregnant and nursing women. 
* Both could easily argue based on uncertainty. 


2.3.3.3 Lifetime and excretion pathway 

The presence of MPs in organisms indicates recent exposure to these particles. 
MPs either accumulate or are excreted after being ingested into the body 
(hemolymph or tissues) depending on the size, shape, and composition of the 
particles. If MPs accumulate, chemical and/or physical effects are likely to 
occur and remain over time. If excreted, these side effects should be eradicated 
throughout the healing and repair phase. After a single particular exposure, 
MP concentrations in the hemolymph rise at a specific time (which varies 
by species, plastic type, and exposure time) and subsequently decrease in 
abundance (Browne et al., 2008; Farrell & Nelson, 2015). The amount that 
is removed or transferred to other organ systems or tissues is unknown. 
According to a study of von Moos et al. (2012), the elimination of MPs from the 
digestive tubules after a period of 12-48 hours, and a shift of HDPE particles 
into the newly formed connective tissue (fibrosis) around the tubules, indicate 
a repair mechanism of injured tissue, as shown in a study in mussels after acute 
exposure to HDPE (0-80 um size range) for 12 h followed by regeneration in 
plastic-free seawater. Similar studies with PVC MPs demonstrated particle 
retention in the stomach for up to 12 days, with smaller particles retaining 
longer than bigger particles. 


2.4 ECOLOGICAL TOXICITY OF PLASTICS 


2.4.1 Fundamentals of toxicology and the environment 

In conventional terms, toxicology can be defined as the scientific study of the 
effects of toxicants on biological systems, which can be humans, animals, and 
other living organisms. Toxicological research has significantly contributed 
to an understanding of the basic mechanisms on how contaminants and/or 
pollutants cause adverse effects and health impacts. More recently, toxicology 
has been considered as 'the study of all the negative effects of chemicals and 
physical agents interacting with living organisms. (Costa & Teixeira, 2014). 

A study of the effects of poisons revealed poisonous substances can 
be produced by plants (phytotoxins) animals (zootoxins), or bacteria 
(bacteriotoxins). The specific chemical substances produced and released by 
poisonous living organisms are defined as ‘toxicant’. On the other hand, an 
anthropogenic and/or man-made substance that is not normally found in the 
body is known as ‘xenobiotic’ (Gupta, 2020). 

The amount of an agent or chemical offered to an animal, or a human, is 
referred to as a ‘dose’. In this context, a response refers to an observation or effect 
detected in an animal or a human during or after exposure to the agent. Exposure 
refers to an instance when an animal or a human comes into contact with or is 
exposed to an agent or chemical (dose). The concept of exposure is determined by 
the routes of exposure, the frequency of exposure, and the duration of exposure 
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Maximum effect 


Response (% of subjects responding) 


"d 0.001 0.01 0.1 1 10 100 1000 


Dose (mg/kg body weight) 
Threshold dose 


Figure 2.20 Dose-response relationship; threshold dose is the lowest dose at which 
a drug effect is seen, maximum effect is the maximum effect achievable by that dose 
(Source: adapted from Yartsev, 2015). 


(acute vs. chronic) (WHO, 2019). However, routes of exposure can be classified 
into four pathways, including ingestion (water and food), absorption (through 
skin), injection (bite, puncture, or cut) and inhalation (air). The exposure route 
of greatest concern for humans is inhalation. Exposure to any substance in a 
specific concentration (dose) can cause a distinct response. The relationship is 
defined as ‘dose-response relationship’ (Figure 2.20). Exposure duration and 
frequency are also important factors in determining dosage. Acute exposure is 
defined as a single exposure lasting less than 24 hours. Repeated exposures are 
classified as: sub-acute - repeated for up to 50 days; sub-chronic - repeated for 
30-90 days; and chronic repeated for over 90 days. 

The fundamental premise of toxicology is an individual's reaction to a dosage. 
The variety of responses among organisms that get the same dose of chemical 
is due to individual susceptibility. In all cases concerning chemicals, including 
those involving medicine and coffee, dose and individual susceptibility play a role. 
Individual susceptibility and variability, such as age, sex, individual variability, 
genetic variations, and species differences, distinguish a poison from a remedy. 


2.4.2 Ecological toxicity and impacts of plastics 

The effects of MPs exposure have been investigated at several levels of biological 
organization, ranging from the gene to the population level, providing a lot 
of information on organism interactions, exposure pathways, and biological 
consequences. However, most studies on the impact of MPs have focused 
on biological responses, and data on population and ecological levels is still 
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Figure 2.21 Schematic representation of impacts associated with MPs exposure across 
different levels of biological organization (Source: ASmonaité & Almroth, 2018). 


limited. The adverse effects of direct MP exposure on organisms, including 
the consequences, are briefly described here. While particle characteristics 
(size, shape, polymer), chemical exposure (leachates or sorbed environmental 
contaminants), and exposure possibilities (exposure routes, concentrations, 
etc.) all have an impact on biological effects, the importance of aspects for 
mediating biological effects is also discussed in this report. MPs are ingested 
by fish, and their consumption can interfere with biological processes such 
as gastrointestinal function inhibition, as well as producing obstructions and 
causing feeding impairment (Figure 2.21). 


2.4.3 Differential risk of marine litter interactions across 

the oceanic gradient 

Aquatic population that live in environments where hydrographic patterns such 
as coastal systems or mesoscale oceans combine food and floating plastics (Pichel 
et al., 2007). Surprisingly, one of the first field observations of this occurrence 
occurred from the Humboldt Current System (HCS) off Chile's central coast, 
where Bourne and Clark (1984) saw planktivorous seabirds feeding on a coastal 
front that also had a substantial concentration of floating plastics. 

Even though floating trash volumes are lower than those in the fresh waters, 
these interactions are prevalent in the productive upwelling systems of the 
eastern boundary currents (for a summary, see Scales et al., 2014) and present 
a massive risk to marine vertebrates. 

Marine productivity is low in the ocean, particularly in the oligotrophic 
subtropical zones, and is often concentrated above seamounts or around 
marine habitats. Some species are at high risk of harmful interactions with 
floating plastics if these islands are within the area of the subtropical gyres' 
trash accumulation zones (Figure 2.22). 
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2.4.4 Toxicity of plastic and carried substance in aquatic life 

MPs have been detected in the intestines of benthic invertebrates, fish, and larger 
mammals at various trophic levels, and the ingested MPs are transferred along 
the food chain, causing concerns about the threat to aquatic biota. MP particles 
that have dispersed in aquatic, terrestrial, and atmospheric ecosystems have a 
high bioavailability for various species, resulting in higher ecological toxicity 
than macroplastics. As a result of interference with fecundity, mortality and 
the dosage-effect relationship with physiological stress, including behavioral 
alterations, immune responses, abnormal metabolism, and changes in energy 
budgets, both direct and indirect evidence for the adverse effects of MPs have 
been found. 


2.4.4.1 Heterogeneity of physicochemical properties 
MPs’ physicochemical properties are employed as the core information in 
toxicological investigations. 


2.4.4.2 Physical properties 

Bioavailability, a significant indicator of MPs' potential impact on various 
species, is determined by the pollutant's characteristics and the organisms’ 
foraging habits. Unlike most selective foragers, species with general feeding 
patterns and prey capture mechanisms (e.g., predators that simply identify food 
from other objects based on a few criteria) are more likely to consume MPs that 
look like their normal prey (Peters et al., 2017). 

Physical properties influence the morphology and mobility of MPs in 
the aquatic environment, affecting bioavailability by modifying dispersion 
throughout the aquatic environment, resembling natural substances and causing 
different levels of physical damage to organisms. The size, color, density, and 
shape of MPs are the most explored physical properties, and each contributes 
differently to the serious implications. 


* Particle size 


MPs are about the same size as sand grains, microalgae and plankton, and are 
consumed by a variety of aquatic species, particularly nonselective foragers 
(Baldwin, 1995). Kpkalj ef al. (2018) found that the rate of MP uptake by Daphnia 
magna is proportional to particle size, and the number of daphnids having MPs 
in their guts falls as the average particle size increases. The most common size 
of MPs consumed by daphnids was less than 100 um, which corresponds to its 
size preference for food. Fernández (2001) revealed that Artemia franciscana, 
due to its smaller food feeding preferences (50 um) than daphnids, on the other 
hand, consumed fewer MP particles under the same MP exposure settings. Ory 
et al. (2017) found that most ingested MPs by the amberstripe scad Decapterus 
muroadsi (Carangidae) fish are typically 1.5-0.1 mm in size, similar to their 
prey. Resulting from consumption, particle size is an important factor in 
influencing the ability of MPs to translocate throughout an organism's body. 
Browne ef al. (2008) found that the smaller MPs (3.0 um) translocate more 
easily and readily within Mytilus edulis than the bigger particles (9.6 um). 
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* Particle shape 


Another important property in determining the interaction of polymeric 
particles with biological systems is the shape of particles (Wright et al., 2015). 
Particles with a more irregular or needle-like shape may attach more readily 
to internal and external surfaces and have a greater effect in both cases. To 
illustrate this, Au et al. (2015) examined the impact of particle shape on the 
amphipod Hyalella azteca and found that polypropylene (PP) fibers were more 
hazardous than PP beads, illustrated in Table 2.9. Hua et al. (2014) also found 
that when zebrafish embryos were tested for mortality and hatching inhibition, 
zinc oxide nano-sticks caused more toxicity than nanospheres. Several relevant 
research or investigation studies on the particle toxicology and its impact 
(Besseling et al., 2014; Farrell & Nelson, 2015; Lee et al., 2015; Rosenkranz 
et al., 2009; Setala et al., 2014) are summarised in Table 2.9. 


* Surface area 


The surface area is a significant characteristic since it increases as particle size 
decreases; hence, nanoscale particles can have greater effects. Although the 
surface area is not commonly reported in MPs research, it can be determined 
for primary micro-beads using spherical equivalent diameter, but this can result 
in an overestimation for irregularly shaped secondary MPs. For example, La 
Rocca et al. (2015) discovered that using geometrical estimates to estimate the 
surface area of nanoscale soot particles can result in a sevenfold overestimation 
of the surface area, requiring the application of a particle shape factor for 
adjustment. 


* Polymer crystallinity 


Because the crystalline region includes more ordered and strongly structured 
polymer chains, crystallinity is an important polymer characteristic. Physical 
properties such as density and permeability are changed, which affect hydration 
and swelling behaviour. Environmental MPs' crystallinity will change over 
time as they degrade. As the MP reduces in size, preferential breakdown in 
the amorphous portion of the polymer causes the overall crystallinity to rise 
(Gopferich, 1996). Crystallites will form as a result, and their toxicity may 
differ from that of the original MPs. Changes in crystallinity will affect the 
physical (surface area, particle shape, particle size, and density) and chemical 
(leaching of additives, adsorption of contaminants) aspects of environmental 
MPs, influencing ingestion rates and effect outcomes. 


2.4.4.3 Chemical properties 
* Polymer types and additives 


Leaching of chemicals such as residual monomers, starting ingredients, 
solvents, catalysts, and additives (e.g, antioxidants, colors, biocides, 
plasticizers) introduced during compounding and processing can induce 
plastic-related toxicity (Andrady, 2015). Several monomers and additives 
used in the manufacturing of different plastic types have well-known toxicity 
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characteristics. Depending on how a chemicalis compounded within a polymer 
matrix, the environmental release of additives from plastic materials and other 
plastic-associated chemicals can occur at any stage of the lifetime (Lambert 
et al., 2014). Low molecular weight additives, for example, are only weakly 
entrenched in the polymer matrix and move quickly. Flame retardants from 
television housings and other electronic items (Deng ef al., 2007, Kim et al., 
2006), lead from unplasticized PVC pipes (Al-Malack, 2001), nonylphenol 
from food contact materials (Fernandes et al., 2008), extractable PET cyclic 
and linear oligomers from bottles and food trays (Kim & Lee, 2012), and 
antimony leaching from PET water bottles are just a few additives released 
from consumer electronics (Keresztes et al., 2009; Shotyk & Krachler, 2007; 
Westerhoff et al., 2008). Overall, physical parameters such as the pore width of 
a polymer structure and the molecular size of the monomer and additives used 
will affect the rates at which residue monomers and additives leach (Gopferich, 
1996). The relevance of leachable chemicals in terms of MP hazard potential is 
defined by their concentration in the parent material, partitioning coefficient, 
and the age and degree of degradation of a specific MP. For example, an older 
MP may have a higher degree of crystallinity, which means less leaching. 


* Surface chemistry 


The surface chemistry of environmental MPs will also change as they age. The 
plastic surface will be affected by photo and oxidative degradation processes that 
create new functional groups through interactions with OH radicals, oxygen, 
nitrogen oxides, and other photo produced radicals (Chandra & Rustgi, 1998). 
An increase in chemical reactions causes a plastic's surface to crack, exposing 
new surfaces to additional degrading processes (Lambert et al., 2015). These 
processes may weaken the plastic surface, causing more microscopic particles 
to be released upon ingestion, increase chemical leaching, and increase gut 
retention times by forming more angular-shaped particles, distinguishing 
environmental MPs from primary micro-beads. However, it is unknown if these 
changes in surface chemistry are important determinants of toxicity in realistic 
exposure scenarios in the environment (Figure 2.25). 


2.4.5 Ecotoxicological assessment of MPs 

There are a variety of creatures that can be utilized in MPs ecotoxicological 
assessments; nevertheless, marine (micro)organisms were used in almost 75% 
of the research. Fish, mollusks, small and big crustaceans, annelids, mammals 
and echinoderms, birds and cnidarians, sponges, reptiles, and rotifers are 
commonly used as testing species. Small crustaceans predominate among 
creatures evaluated in a laboratory, but fish are commonly utilized in in-situ 
studies. Spherical particles, threads, and pieces are the most researched MPs 
shapes. Although PE and PS are the most studied MPs (because of their 
widespread prevalence in aquatic environments), ecotoxicological effects of 
other MPs such as PP, PES/PET, PVC, polyamide, acrylic, polyether, cellophane, 
and polyurethane have also been investigated. Small crustaceans predominate 
among creatures evaluated in a laboratory, but fish is commonly utilized in 
in-situ studies (Figure 2.24). 
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Figure 2.23 Different MP physical and chemical properties to be considered in a 
prioritization framework (Source: Lambert et al., 2017). 
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Figure 2.24 Range of ecotoxicological concentrations for different organism levels 
(Source: Miloloza et al., 2021). 
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2.5 EFFECTS OF MPS ON HUMAN HEALTH 


The rise in plastic production, use, and consumption has raised concerns about 
the potential impacts on human health and environment since at least the 1970s 
and with growing frequency and urgency over the last two decades. For most of 
this period, attention has focused on human health exposures to specific plastic 
precursors or additives, and among specific populations, for example, workers 
exposed to benzene, infants exposed to phthalates and other plastic additives, 
or consumers exposed to bisphenol A in food packaging. To date, discussion 
of plastic's health and environmental impacts has usually focused on specific 
moments in the plastic life cycle: during use and after disposal. However, the 
lifecycle of plastics and their related human health impacts extend far beyond 
these two stages in both directions: upstream, during feedstock extraction, 
transport, and manufacturing, and downstream, when plastics reach the 
environment and degrade into micro- and nano-plastics. 

Although it is generally believed that plastic polymers are lethargic and 
of little concern to public health, different types of additives and the residual 
monomers possibly retained from these polymers are responsible for the 
suspected health risks. Most of the additives present in plastics are potential 
carcinogens and endocrine disruptors. Ingestion, skin contact and inhalation are 
the main routes of exposure of humans to these additives. Dermatitis has been 
reported from skin contact with some of the additives present in plastics. MPs are 
major contaminants that can bioaccumulate in the food chain after ingestion by 
a wide range of freshwater and marine life, leading to public health risks. Human 
consumption of animals exposed to MPs and plastic additives can be detrimental. 
Biomonitoring studies on human tissues have shown that plastic constituents 
persist in the human population by measuring environmental contaminants. 


2.5.1 Plastic litter exposure pathways 

Human exposure to specific plastic precursors or additives has potential 
impacts on health along the plastic life cycle, especially plastic waste 
management processes and plastics in the environment. Once plastics reach 
the environment in the form of macro- or MPs, they slowly fragment into 
smaller particles and contaminate all areas of the environment (air, water, and 
soil), accumulate in food chains, and release toxic additives or concentrate 
additional toxic chemicals in the environment, making them bioavailable again 
for direct or indirect human exposure. To fully assess the health impacts of our 
global dependence on plastic, one must therefore consider each stage of this 
life cycle and all possible exposure pathways of the variety of substances used 
and released throughout the life cycle (Figure 2.25). Impacts of any substance 
on human health will vary depending on the specific route of exposure to the 
substance: inhalation - what we breathe, ingestion - what we eat and drink, 
and skin contact - what we touch or encounter topically. 


2.5.2 Public health effects of plastic additives 
Different additives are used in the production of plastics and have been reported 
to have various detrimental effects on humans. Table 2.10 shows the different 
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Figure 2.25 Human exposure to a large variety of toxic chemicals and MPs through 
inhalation, ingestion, and direct skin contact, all along the plastic lifecycle (Source: Azoulay 
et al., 2019). 


types of additives used in plastic production, their effects and the types of 
plastics. 


2.5.3 Toxicity of MPs 
Fiber and human health studies among nylon flock workers suggested there 
was no evidence of increased cancer risk, although workers had a higher 
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Table 2.10 Different additives used in plastic production, their effects and the plastic types. 


Toxic Uses Public Health Effect Plastic Types 
Additives 
Bisphenol A Plasticizers, can liner Mimics estrogen, Polyvinyl 
ovarian disorder chloride (PVC), 
polycarbonate (PC) 
Phthalates Plasticizers, artificial Interference with Polystyrene (PS), 
fragrances testosterone, sperm polyvinyl chloride 
motility (PVC) 
Persistent Pesticides, flame Possible neurological All plastics 
organic retardants, and so on and reproductive 
pollutants damage 
(POPs) 
Dioxins Formed during low Carcinogen, interferes All plastics 
temperature combustion with testosterone 
of PVC 
PAHs Used in making Developmental and All plastics 
pesticides reproductive toxicity 
PCBs Dielectrics in electrical — Interferes with All plastics 
equipment thyroid hormone 
Styrene Breakdown product Carcinogen, canform Polystyrene 
monomer DNA adducts 
Nonylphenol  Anti-static, anti- Mimics estrogen PVC 
fog, surfactant (in 
detergents) 


Source: Alabi et al. (2019). 


prevalence of respiratory irritation. Interstitial lung disease, a work-related 
condition that induces coughing, dyspnea (breathlessness), and reduced lung 
capacity, has been identified in 4% of workers from nylon flock plants in the 
US and Canada. Workers processing para-aramid, polyester, and PA fibers in 
the Netherlands presented similar symptoms, including coughing, dyspnea, 
wheezing, and increased phlegm production. Prick tests and nasal and 
inhalation provocation tests in nylon workers also found synthetic fibers, such as 
nylon, may act as haptens, causing an allergic reaction leading to occupational 
asthma. Histopathological analysis of lung biopsies from workers in the textile 
(nylon, polyester, polyolefin, and acrylic) industry showed interstitial fibrosis 
and foreign-body-containing granulomatous lesions postulated to be acrylic, 
polyester, and/or nylon dust. The clinical symptoms presented were similar to 
allergic alveolitis (a form of inflammation in the lung). Although occupational 
exposure likely occurs at levels higher than those in the environment, health 
outcomes are evidence of the potential for MPs to trigger localized biological 
responses, given their uptake and persistence. 

Both cellulosic and plastic microfibers have been observed in non-neoplastic and 
malignant lung tissues taken from patients with different types of lung cancer. The 
fibers exhibited little deterioration, supporting the notion that they are persistent. 
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Additionally, these observations suggest that the human airway is of a sufficient 
size for plastic fibers to penetrate the deep lung; one fiber found was 155 um in 
length, approximately one-quarter of the diameter of a respiratory bronchiole of 
generation 17 (540 um diameter, 1410 um length). These observations confirm 
that some fibers avoid clearance mechanisms and, as they persist, these foreign 
bodies may induce acute or chronic inflammation. In addition to persistence, fiber 
dimensions play a role in toxicity. Thinner fibers are respirable, whereas longer 
fibers are more persistent and toxic to pulmonary cells; fibers of 15-20 um cannot 
be efficiently cleared from the lung by alveolar macrophages and the mucociliary 
escalator fibers of 10 um in length are mostly carcinogenic. 


2.5.4 Potential for and factors that may affect bioaccumulation 
An essential factor determining whether MPs present a physical threat or act 
as a vector for chemical transfer is the ability of these particles to accumulate. 
Throughout evolution, both the lungs and GIT have likely been exposed to non- 
degradable, exogenous nano and microparticles, and endogenous nanoparticles. 
Recently, there has been an increased dietary influx of non-degradable 
microparticles, approximately 40 mg/person/day, primarily due to their 
inclusion as additives in processed foods. The contribution of MPs to exogenous 
microparticle exposure is unknown, however, the biological response to MPs 
in comparison to other non-degradable microparticles could differ due to their 
unique chemical composition and properties. MPs are resistant to chemical 
degradation in vivo. If inhaled or ingested, they may also resist mechanical 
clearance, becoming lodged or embedded. Their bio-persistence is an essential 
factor contributing to their risk, along with their use. The findings suggested 
nano- and microparticles could translocate across living cells to the lymphatic 
and/or circulatory system, potentially accumulating in secondary organs, or 
impacting the immune system and health of cells. Retention time, and therefore 
the likelihood of uptake and clearance, is influenced by particle characteristics 
such as size, shape, solubility, and surface chemistry; by biological factors 
such as the anatomical site of deposition and structure; and by the nature of 
particle interaction with different biological structures, including the air-liquid 
interface, aqueous phase, and free cells (e.g., macrophages, dendritic cells, 
epithelial cells). Uptake of inhaled MPs will depend on their wettability; it is 
possible that inhaled MPs deposited in the airway will not be immersed in the 
lung-lining fluid due to their hydrophobicity and may therefore be subjected to 
mucociliary clearance leading to exposure via the gut (Figure 2.26a). The shape 
also affects displacement at the air-liquid interface; shapes with sharper edges 
are less likely to be displaced in liquid. However, the histological prevalence 
of plastic microfibers in flock workers and lung cancer tissue biopsies implies 
that uptake and embedment of at least plastic microfibers are possible. As with 
lining fluid of lungs, mucus is the first layer in the GIT that foreign particles 
interact with. Here, mucus can cause particles to aggregate; surfactants reduce 
mucus viscosity, increasing the uptake of particles. 

Size and surface charge also influence the ability of MPs to cross the GIT 
mucus gel layer and contact the underlying epithelial cells; smaller sizes and 
negative surface charge are most likely to lead to increased uptake. If a MP 
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Figure 2.26 Potential MP (0.1 > 10 um) uptake and clearance mechanisms in the lung. 
(a) The chance of MP displacement by the lung-lining fluid (surfactant and mucus) is 
reduced in the upper airway, where the lining is thick (central lung). Here, mucociliary 
clearance is likely for particles >1 um. For particles <1 um, uptake across the epithelium 
is possible. (b) If the aerodynamic diameter of a MP permits deposition deeper in the lung, 
it may penetrate the thinner lung-lining fluid and contact the epithelium, translocating via 
diffusion or active cellular uptake (Source: Wright & Kelly, 2017). 


contacts the airway or gastrointestinal epithelium, there are several routes 
of uptake and translocation that may occur. This is primarily via endocytic 
pathways in the lung and GIT, and also via perception in the GIT. Paracellular 
transfer of nanoparticles through the tight junctions of the epithelium has 
been postulated for the GIT. Although tight junctions are extremely efficient at 
preventing such permeation, their integrity can be affected, potentially allowing 
for particles to pass-through (Figure 2.27). 


2.5.5 Toxicity of MP particles to cells and tissues 
Compared to chemicals used in plastic, less is known about the toxic effects 
of plastic particles in the human body. A recent review of potential health 
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Figure 2.27 Predicted pathways of MP uptake from the GIT. (a) MP (0.1 > 10 um) uptake 
from the GIT lumen via endocytosis by the M cells of the Peyer’s patches. M cells sample 
and transport particles from the intestinal lumen to the mucosal lymphoid tissues. (b) MP 
uptake from the GIT lumen via paracellular perception. Nondegradable particles, such as 
MPs, may be mechanically kneaded through loose junctions in the single-cell epithelial 
layer into the tissue below. Dendritic cells can phagocytose such particles, transporting 
them to the underlying lymphatic vessels and veins. Distribution of secondary tissues, 
including the liver, muscles and brain, could occur (Source: Wright & Kelly, 2017). 


risks of MP particles listed concerns that MP entering the human body 
could lead to inflammation (linked to cancer, heart disease, inflammatory 
bowel disease and rheumatoid arthritis among others), genotoxicity (damage 
to the genetic information within a cell causing mutations, which may 
lead to cancer), oxidative stress (leading to many chronic diseases such as 
atherosclerosis, cancer, diabetes, rheumatoid arthritis, post-ischemic perfusion 
injury, myocardial infarction, cardiovascular diseases, chronic inflammation 
and stroke), apoptosis (cell death associated with a wide variety of diseases 
including cancer), and necrosis (cell death associated with cancer, autoimmune 
conditions, and neurodegeneration). Over time, these effects could also lead to 
tissue damage, fibrosis and cancer. 

All plastic contains reactive oxygen species (ROS), or free radicals, which are 
unstable molecules that contain oxygen and easily react with other molecules 
in a cell. A build-up of free radicals in cells may cause damage to DNA, RNA 
and proteins, and can lead to cell death. Inflammation appears to be the main 
response to micro- and nanoplastics entering the GIT or the pulmonary system. 
The effects of plastic particles released into the body from degraded plastic 
prosthetic implants indicate that inflammation is a notable outcome of plastic 
particles crossing the respiratory or GIT epithelium. PE and PET particles 
move around the body, travelling through the lymph system and to the liver 
and spleen. PE wear particles accumulate in the lymph nodes, surrounding 
joint replacements that completely replace the lymph nodes, resulting in severe 
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inflammation. Similar reactions can occur by ingesting or inhaling MPs if they 
can cross the epithelia. 


2.5.6 Human health effects of plastic additives (consumer use) 

Whether plastic is only used once (such as a polystyrene coffee cup) or is used 
for years (such as casing around a television), plastic use in consumer goods 
can negatively impact human health. Mass-produced plastics entered the global 
market after World War II. A recent analysis of all plastics ever made estimates 
that 8500 million metric tons of virgin plastics have been produced through the 
end of 2015. That analysis breaks plastics into three categories: polymer resins, 
synthetic fibers, and plastic additives. The most prevalent plastic resins are 
manufactured from polyethylene (PE), polypropylene (PP), polystyrene (PS), 
polyvinylchloride (PVC), polyethylene terephthalate (PET) and polyurethane 
(PUR) resins. The most common plastic fibers come in the form of polyester, 
polyamide and acrylic (PP&A). As a result of the global shift from reusable 
to single-use packaging (including containers), the most significant market for 
plastics today is packaging and accounts for 42% of all plastics ever produced. 
Packaging is also the product with the shortest lifespan. Because most of it is 
designed for single-use, most plastic packaging leaves the economy the same 
year it is produced. 


2.5.6.1 Plastic particles, plasticizers, and other chemical additives 

When considering the human health impacts of plastics, one must distinguish 
between the impacts of plastic particles (micro- and nanoplastic particles) 
entering the human body and the impacts of the chemical additives, plasticizers, 
and contaminants associated with plastic particles. To date, most ofthe research 
on the impacts of micro- and nanoplastic particles has focused on impacts on 
marine life, while their impacts on human health have received less attention. 
There is emerging data demonstrating the presence of micro- and nanoparticles 
in plastics (including toxic chemical additives) in the food we eat, the air we 
breathe, and the water we drink, raising concerns among scientists about their 
potential impacts on human health. 

Though our understanding of the impact of micro- and nanoparticles on 
plastics on human health is limited, the emerging body of research is raising 
fundamental questions about the historic belief that plastics are inert and safe. 
Increasingly, the research demonstrates that the same characteristics that make 
plastic material with diverse and desirable applications for bettering human 
life, that is, lightweight and incredibly durable molecular bonds, also make 
them widely dispersed, ubiquitous and a potential threat to human life and the 
ecosystems upon which humans rely. 

More research has been conducted on plasticizers and other chemical 
additives in plastics and their health risks. However, there is still a significant 
dearth of information on the health impacts of toxic additives, and food 
packaging chemicals in particular, since only a handful of chemicals in use 
have gone through a health risk evaluation. A well-developed understanding 
of the impacts of plastics on human health is further hampered by limited 
information that quantifies the cumulative risks of chronic exposure. 
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2.5.6.2 Plasticizers used in plastics and other consumer products 

The term plastics is used to refer to various types of polymers, which are 
synthesized from monomers that are polymerized to form macromolecular 
chains. Plastics can leach unreacted chemical monomers, some of which 
are hazardous. The plastics that are most hazardous based on carcinogenic 
monomer release include polyurethanes (flexible foam in furniture, bedding 
and carpet backing), polyvinyl chloride (pipes, packaging, wire and cable 
coatings, the monomer being vinyl chloride), epoxy resins (coatings, adhesives, 
and composites, such as carbon fiber and fiberglass) and polystyrene (food 
packaging, CD cases, hard plastics in consumer products and the monomer 
being styrene). In addition, the hormone-disrupting plasticizer BPA leaches as 
an unreacted monomer from polycarbonate plastic and epoxy can liners. 

A wide array of chemicals and additives may be used in the manufacturing 
process to create a polymer, including initiators, catalysts and solvents. 
Additional chemical additives are used to provide various characteristics 
including stabilizers, plasticizers, flame retardants, pigments and fillers. They 
can also be used to inhibit photodegradation, to increase strength, rigidity, and 
flexibility, or to prevent microbial growth. Most of these additives are not bound 
to the polymer matrix, and due to their low molecular weight, they easily leach 
out of the polymer into the surrounding environment, including air, water, food 
or body tissues. As plastic particles continue to degrade, a new surface area is 
exposed, allowing continued leaching of additives from the core to the surface 
of the particle. A global analysis of all mass-produced non-fiber plastics showed 
that on average they contain 93% polymer resin and 7% additives by mass. 
Some polymers contain higher concentrations of toxic additives than others. 
Plasticizers are used to make plastic flexible, often comprising a significant 
portion of the final product, as much as 80% of all products. PVC is the monomer 
filled with the greatest diversity of additives, including heat stabilizers to keep 
the polymer stable, and plasticizers, such as phthalates, to make the polymer 
flexible. PP is highly sensitive to oxidation and therefore contains antioxidants 
and ultraviolet (UV) stabilizers. 

MPs that accumulate in the body are a source of chemical contamination 
to tissues and fluids. A variety of chemical additives in plastics, plastic 
monomers, and plastic processing agents have known human health effects. 
For example, several plasticizers, such as bis (2-ethylhexyl) phthalate (DEHP) 
and BPA, can cause reproductive toxicity. Yet other harmful chemicals 
known to leach from plastic polymers include antioxidants, UV stabilizers, 
and nonylphenol (Table 2.11). 


2.5.7 Potential threats associated with accumulated pollutants in plastic 
particles 

Plastic is hydrophobic, meaning it tends to absorb hydrophobic POPs, such as 
PCBs and PAHs, while circulating in marine waters. The accumulated pollutants 
can concentrate to as much as 100 times background levels in seawater. Some 
of these chemicals have been found to desorb into tissues of marine species 
when ingested. While some recent studies have concluded that MP ingestion is 
unlikely to be a significant source of exposure for marine organisms to organic 
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Table 2.11 Plastics identified in MP debris and their relative hazard ranking. 


Polymer Type Density, g/cm? Relative Hazard Score? 
Polyethylene (low, high density) 0.917-0.965 11 

Polypropylene 0.9-0.91 1 

Polystyrene 1.04-1.1 1628-50 

Polyamide 63-50 

polyethylene teraphthalate 1.57-1.45 4 

Polyvinylchloride 1.16-1.58 10 551-5001 


aRelative hazard score derived from different constituent monomers. 
Higher ranking = greater hazard. 
Adapted from Galloway (2015). 


pollutants, a recent study in conditions simulating the digestive environment 
of warm-blooded organisms (38°C, pH 4) showed up to have 30 times faster 
desorption rates than in seawater. Therefore, it is likely that in mammals, 
including humans, the transfer of pollutants from inhaled or ingested plastic 
debris is more important than originally thought. The overall contribution of 
plastic debris contaminated with accumulated pollutants to the body burden 
(the total amount of toxic chemicals in the body) remains unanswered. In light 
of the projected increase of plastic accumulation in terrestrial and marine 
environments, a precautionary approach should be adopted while investigating 
this answer. 


2.5.8 Food packaging chemicals 

Because chemicals can migrate from packaging into food, the US Federal 
Food Drug and Cosmetics Act defines food packaging chemicals as indirect 
food additives. Migration of chemicals from food packaging into food and 
beverages is considered the main source of human exposure to contaminants 
associated with plastics. Some plastic polymers used for food contact degrade 
when they come into contact with acidic or alkaline foods, UV light, and heat. 
Toxic monomers like styrene are released in these conditions. Plastic additives 
are a diverse group of substances fulfilling various functions. Since they are 
often not tightly bound to the material, they are another common source of 
chemicals leaching into food. Non-intentionally added substances (NIAS) such 
as impurities, side products and contaminants additionally contribute to the 
migration or leaching of chemicals. In contrast, a few food packaging chemicals 
are designed to intentionally migrate out of the package to perform various 
functions, such as preventing foods from spoilage. 


2.5.9 Human health effects related to plastic waste management 

2.5.9.1 Environmental health impact of waste incineration 

The waste incineration industry claims that incineration using highly advanced 
emission control technologies provides clean energy that reduces climate impacts 
and toxicity. However, extensive evidence demonstrates the harmful short- and 
long-term effects of emissions and by-products from waste incineration. 
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2.5.9.2 Air emissions associated with waste incineration 

Metals (mercury, lead, and cadmium), organics (dioxins and furans), acid gases 
(sulfur dioxide and hydrogen chloride), particulates (dust and grit), nitrogen 
oxides and carbon monoxide can be emitted from incineration of plastics. 
Workers and nearby communities can be directly and indirectly exposed to these 
toxic emissions through inhaling contaminated air, touching contaminated soil 
or water, and ingesting foods that were grown in an environment polluted with 
these substances. These toxic substances pose a threat to vegetation, human 
and animal health, and the environment, and they persist and bio-accumulate 
through the food chain. Burning plastics also increases the fossil content of 
the energy mix and adds greenhouse gas emissions to the atmosphere. In some 
countries, newer incinerators apply air pollution control technologies, including 
fabric filters, electrostatic precipitators, and scrubbers. The filters do not 
prevent hazardous emissions, such as ultra-fine particles that are unregulated 
and particularly harmful to health, from escaping into the air. Malfunctions 
also tend to occur when the facility starts up and shuts down, or when the 
composition or volume of the waste changes, and these system failures result 
in greater emissions compared to normal operating conditions. It is estimated 
that in 2015, these kinds of airborne particulates caused the premature deaths 
of over four million people worldwide. Incinerators are also disproportionately 
built in low-income and socio-politically marginalized communities, burdening 
them with toxic ash and air pollution, noise pollution and accidents. 


2.5.9.3 Toxic by-products of incineration on land and water 

In addition to toxic air emissions, incineration technologies produce highly 
toxic by-products at various stages of thermal processing. Pollutants captured 
by air filtering devices are transferred to the byproducts of incineration, such as 
fly ash, bottom ash, boiler ash (also known as slag) and wastewater treatment 
sludge. Bottom ash comes from the furnace and is mixed with slag. 

Fly ash is particulate matter in flue gases containing hazardous components, 
such as dioxin and furans, and are emitted from the stack. The toxicity in fly ash 
is greater than that in the bottom ash because they are small particles that are 
readily windborne and more likely to leach. At municipal waste incinerators, 
the more efficient the air pollution control system, the more toxic the ash is 
(Table 2.12 and Figure 2.28). 


2.6 IMPACT OF MP ON HUMAN HEALTH 


2.6.1 Ingestion 

MP can enter the human body via two main pathways: airborne through nasal 
passages into the lungs and ingestion through the mouth into the stomach. 
Ingestion of MPs via food consumption raises health concerns because of the 
potential translocation of particles from the digestive tract to other tissues and 
as a delivery mechanism for toxic chemicals. MPs contain an average of 4% 
of additives, but this can vary depending on the plastic type. Plastic additives 
such as phthalates, BPA and some flame retardants, are endocrine disruptors 
and carcinogens. It also shows that plastics can accumulate heavy metals and 
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Table 2.12 Compounds generated during the incineration of polyvinylchloride and their 


harmful effects. 


Compound 


Acetaldehyde 
Acetone 
Benzaldehyde 


Benzole 
Formaldehyde 
Phosgene 


Polychlorinated 
dibenzo-dioxin 


Polychlorinated 
dibenzofuran 


Hydrochloric acid 
Salicyl-aldehyde 


Toluene 


Xylene 


Propylene 


Vinyl chloride 


Health Effect(s) 


Damages the nervous system, causing lesions. 
Irritates the eyes and the respiratory tract. 


Irritates the eyes, skin, respiratory system, and limits brain 
function. 

Carcinogenic, adversely affects the bone marrow, liver, and 
immune system. 

Serious eye damage, carcinogenic, may cause pulmonary 
edema. 

Gas used in WWI. Corrosive to the eyes, skin, and 
respiratory organs. 

Carcinogenic, irritates the skin, eyes, and respiratory 
system. It damages the circulatory, digestive and nervous 
system, liver, and bone marrow. 

Irritates the eyes and the respiratory system, causes asthma. 


Corrosive to the eyes, skin, and the respiratory tract. 


Irritates the eyes, the skin, and the respiratory tract. It can 
also affect the central nervous system. 


Irritates the eyes and the respiratory tract can cause 
depression. 


Irritates the eyes. It can also affect the central nervous 
system, reduces the level of consciousness and impairs 
learning ability. 

Damages the central nervous system by lowering 
consciousness. 

Carcinogenic, irritating to the eyes, skin and respiratory 
system. Effect on the central nervous system, liver, spleen, 
and blood-forming organs. 


Source: Alabi et al. (2019). 


absorb toxic contaminants, such as PAHs and organochlorine pesticides from 
the surrounding water. 


2.6.2 Ingesting MP particles 

The potential impacts of ingesting microparticles have been studied for 
decades but are not yet fully understood because the particles are associated 
with such a diverse range of additives and contaminants. For example, the 
polyvinyl chloride particles have been transported from the digestive tract to 
the lymph and the circulatory systems, bile, cerebrospinal fluid, urine, lungs, 
and the milk of lactating animals. The interaction between MPs and other gut 
contents, including proteins, lipids, and carbohydrates, is highly complex. The 
accumulation of MP can lead to inflammation, tissue damage, cell death, and 
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Figure 2.28 Toxic exposure from incineration (Source: Azoulay et al., 2019). 


carcinogenesis. In addition, there is the potential for toxicological effects from 
harmful chemicals that leach or desorb from MP. 


2.6.3 MPs and toxic chemicals 

The possibility of chemical contaminants from MPs transferring to humans 
through food is not fully understood and warrants additional research. 
Uncertainties surround the health impacts of MPs ingestion, and scientists 
have suggested urgent research be undertaken, particularly on the potential 
effects on the endocrine system. Humans are exposed to MPs and associated 
chemicals that can be toxic even in low doses. Although plastics are only one 
source of chemical exposure, they could be a significant source of some toxic 
chemicals. 


2.6.4 MP and the potential for disease 

Another health concern relates to bacteria that grow in MPs. One study 
investigated a bacterium living on the surface of MPs collected from the North 
and Baltic seas. The bacterium can cause gastrointestinal illness in humans, 
and more research is needed to understand whether pathogens on the surface 
of MPs consumed by humans may present a serious disease risk. 
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2.6.5 Inhaling MPs 

The fallout of airborne plastic particles may result in accumulation on the 
skin and on food, resulting in dermal and gastrointestinal exposure. Based 
on the reported indoor air concentrations and the average volume from air 
inhaled, researchers postulate that a person's lungs could be exposed to 26-150 
airborne MPs/day. Other sources of airborne plastics include plastics and films 
used in agricultural processes that have degraded, fibers released from clothing 
dryers and sea-salt aerosol (i.e. caused by wave action). More recently, dust 
from vehicle tire wear has been acknowledged as one of the main sources of MP 
in the air. Airborne plastics can also be dispersed in global air currents. 


2.6.6 Skin contacts of plastics in agricultural soil 

One health concern regarding plastics in soils is the potential transfer of 
toxic chemicals to crops and animals. The plastic industry is a major source 
of chemical additives reaching the environment. Some of these additives, 
including endocrine-disrupting chemicals such as phthalates, polybrominated 
diphenyl ether (PBDEs) and bisphenol A have been found in fresh vegetables 
and fruit. Although pinpointing the precise source of a given contaminant 
is almost impossible, reports of plastic additives and toxic contaminants in 
vegetables and fruit serve as an early warning that should trigger the urgent 
implementation of the precautionary principle to reduce exposure. 

Evidence of the indirect effects of plastic-associated chemicals is emerging 
in scientific literature. Earthworms that encounter polyurethane particles in 
soils can accumulate PBDEs. Earthworms are important to maintain healthy 
ecosystems and soils, particularly in agricultural regions. Worms aerate in the 
soil through burrowing, process detritus, move the soil, and are a key food 
source for other animals. It is possible that PBDEs could be transferred in 
worms to other areas of soil and through the food web (Figure 2.29). 


2.6.7 Human illnesses and disabilities caused by MPs and carried 
chemicals 

There is medical evidence linking the following human illnesses and disabilities 
to one or more POPs: Cancers and tumours, including soft-tissue sarcoma, 
non-Hodgkin's lymphoma, breast cancer, pancreatic cancer, and adult-onset 
leukemia; neurological disorders, including attention deficit disorder, behavior 
problems such as aggression and delinquency, learning disabilities, and impaired 
memory; and reproductive disorders, including abnormal sperm, miscarriages, 
pre-term delivery, low birth weight, altered sex ratios in offspring, shortened 
period of lactation in nursing mothers, and menstrual disorders. 


2.6.8 Standards and guidelines for preventing the effects of plastics 

and MPs 

The accumulation of plastics in the environment will ultimately have an impact 
on water and soil quality, and so a sustainable relationship with plastics is a 
necessity for the Anthropocene. Many years of research have gone into the 
plastic materials currently used, and thus their physical/chemical properties 
and costs are optimized from the point of view of manufacturers. Plastic 
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Example of Multiple Pathways 
for Human Exposure to Microplastics 
through Seafood 


HERRING Clupea harengus \ NORWAY LOBSTER-SCAMPI 
and Scomber scombrus \ 


0.19 + 0.61 MP s/fish; 
fragments, 180 pum-Smm 


Nephrops 
MPs in 83% of organisms, 
<Smm 


COMMON SHRIMP COPEPOD 
Neocalanus 


Crangon cristatus’ 
0.64 s 0.53 MPs ww., MIXED FISH SPECIES 0.026 MPs/organism 
>20 um 0.27: 0.63 MPs/fish; fibers fibers and fragments 
end fragments; 0.217-4.81mm* 556 t 149 um 
1-15 MPs/fish; fibers, fragments 
and beads; 013-5mm* 
1-83 MPs/fish.fragments; 
films and fibers; LO~2.79 mm" 299 
SANDWORM NORTH PACIFIC KRILL 
Arenicola marina” P 
12228 MPs ww., 0.058 MPs organism 
»5 um fibers and fragments 
816 2108 uum 


gigas’ 
0.47 £ 0.16 MPs ww., 
0.8 um 


MUSSEL Mytilus edulis 
0.36 50.07 MPs wm, »5 um 
02*03MP ww. »5 um 


Figure 2.29 Multiple pathways for human exposure to MP through seafood (Source: 
Azoulay et al., 2019). 


opponents criticize plastic production and use because of all the externalities 
and impacts that cannot be fully characterized and controlled. With additional 
research and development, alternative materials may catch up in terms of both 
price and performance, but limited global resources should be targeted to 
scientifically defendable cases of increased sustainability, not too regrettable 
replacements or marketing stories. There is a need for an unbiased assessment 
of the hazard, fate and societal benefits of primary MPs throughout the 
regulatory process. Regulation should be enforceable and focused, and most 
importantly linked to hazards. The standards and guidelines for preventing 
the effects of plastics and MPs should be more rigorous. Then, the replacement 
of critical MPs can become an example of sustainable development and strict 
environmental regulations can stimulate innovation of new, more competitive, 
and environmentally conscious materials. 
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3.1 TYPES AND SOURCES OF PLASTIC POLLUTION IN MARINE 
ECOSYSTEMS 


According to World Bank estimates, the world produces 2.01 billion tonnes of 
municipal solid waste each year, with at least 33% not being managed in an 
ecologically sustainable manner. By 2050, global garbage is anticipated to reach 
3.40 billion tonnes, more than double the population increase. Littered waste 
deviates from ‘inadequately disposed' waste in that it refers to plastics that have 
been dropped or disposed of in an improper area without consent. While high- 
income nations are far more likely to have better waste management systems 
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and have smaller amounts of improperly discarded garbage, littering can 
contribute to plastic pollution. Jambeck et al. (2015) assume estimated littering 
accounts for 2% of total plastic waste generation globally. Litter ending up in 
oceans or seas is known as marine litter, defined as ‘any persistent, produced or 
processed solid items discarded, disposed of, or abandoned in the marine and 
coastal environment, according to UNEP (2021). Recently, Harris et al. (2021) 
indicated coastal geomorphic type, plastic trapping efficiency, and the amount 
of plastic received had an inverse relationship. They found that although river- 
dominated coastlines make up just 0.87% of the worldwide shoreline, they get 
52% of the plastic pollution delivered by fluvial systems. Mangrove and salt 
marsh ecosystems are most abundant along tide-dominated beaches, which 
receive 29.9% of river-borne plastic pollution. Indeed, mangroves’ inherent 
structural complexity enhances their potential to capture debris from both 
terrestrial, freshwater and marine sources, resulting in effects that are unique 
to the mangrove environment (Luo et al., 2020). 

According to estimations, only around 1% of plastic in the ocean floats 
to the surface. Since 1950, around 86 000 million kg of plastic have entered 
the ocean (Jang ef al., 2015) in which more than half of it float, resulting in 
about 57 000 million kg of floating plastic garbage. Between 60 and 64% of the 
plastic debris is estimated to have washed into the water from coastal regions 
(Lebreton et al., 2012), implying that 54 000 million kg of floating plastic have 
made their way into the ocean. Currently, however, 95-256 million kg of plastic 
have been recorded floating on the ocean surface (van Sebille, 2016), equating 
to less than 1% of all plastic that has made its way into the ocean which implies 
that the other 99% are someplace else than the water's surface. 

The Great Pacific Garbage Patch (GPGP) floats in the open ocean with 1.8 
trillion particles of plastic and weighs an estimated 80 000 tonnes of plastic, 
equivalent to 500 Jumbo Jets. The great majority of retrieved plastics are 
either rigid or hard polyethylene (PE) or polypropylene (PP), and abandoned 
fishing gear (nets and ropes in particular). Microplastics (MP) (0.05-0.5 cm), 
mesoplastics (0.5-5 cm), macroplastics (5-50 cm) and megaplastics (anything 
above 50 cm) are the four size classifications within the GPGP. They come in 
various sizes such as length-metred fishing nets. Some marine species are at 
high risk of unfavourable interactions with floating plastics if these islands are 
within the area of the subtropical gyres’ trash accumulation zones. Lebreton 
et al. (2018) investigated evidence that the GPGP is rapidly accumulating 
plastic and found that plastics were the most prevalent type of marine litter 
found, accounting for more than 99.9% of the 1156 145 pieces and 668 kg 
of floating debris collected by trawls, and predicted that the GPGP contains 
a total of 1.8 trillion plastic pieces weighing 79 kilotonnes. MP account for 
1.7 trillion pieces and 6.4 kilotonnes, mesoplastics for 56 billion pieces and 
10 kilotonnes, macroplastics for 821 million pieces and 20 kilotonnes, and 
megaplastics for 5.2 million pieces and 42 kilotonnes. Megaplastics had the 
greatest reported mass concentration, at 46.5 kg/km? (min-max: 0.4-428.1 kg/ 
km?) followed by macroplastics at 16.8 kg/km? (0.4-70.4 kg/km?), mesoplastics 
at 3.9 kg/km? (0.0005-88.4 kg/km?), and MP at 2.5 kg km? (0.07-26.4 kg km?). 
MP and mesoplastics were by far the most abundant, with mean numerical 
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Table 3.1 Mean observed mass and numerical concentrations within the 1.6 million km? 
GPGP for different sizes and types of ocean plastics. 


Class Size Type Mean Mass Concentration Mean Numerical 
(kg/km?) Concentration (pieces/km?) 
MP H 2.55 643 930 
(0.05-0.5cm) N 0.041 19 873 
P 0.15 14 362 
F 0.001 216 
Mesoplastic H 3.68 20 993 
(0.5-5 cm) N 0.23 803 
P 0.0003 3.6 
F 0.003 12 
Macroplastic H 15.53 640 
(5-50 cm) N 127 49 
F 0.021 0.7 
Megaplastic H 3.52 0.3 
(>50 cm) N 42.82 3.3 
Total 69.58 700 886 


Source: Lebreton et al. (2018). 


concentrations of 678 000 and 22 000 pieces/km? inside the GPGP, respectively, 
and macroplastics and megaplastics with 690 and 3.5 pieces/km?, respectively. 
Containers, bottles, lids, bottle caps, package straps, eel trap cones, oyster 
spacers, rope, and fishing nets are all examples of plastic products that might 
be used. As shown in Table 5.1, plastic-type H includes hard plastic pieces, 
plastic sheets and film; plastic-type N includes plastic lines, ropes, and fishing 
nets; plastic-type P includes pre-production plastic pellets, and plastic-type F 
includes foamed material pieces. 

Because certain fish are ‘intended’ to become entangled in nets, estimating 
the occurrence of unintentional entanglement of fish species is problematic. 
‘ghost fishing’ refers to the practice of capturing or ‘fishing’ marine animals 
after the gear has been lost at sea (also known as ‘ghost gear’). The types of gear 
that cause the most ghost fishing are listed. 


* Gillnet: Gillnets are passive fishing gear constructed largely of 
monofilament that may be used in a variety of water depths. Even after 
the net falls apart in the water, the lost net continues to fish. 

* Pot and traps: One of the most hazardous ghost gears is pot and traps. It 
works by luring fish in with bait. Making traps and labelling gear using 
biodegradable materials may be the most effective strategy to limit fishing 
effects. 

* Fish aggregating devices (FADs): FADs are made from old purse seines 
and wrapped around the rafts to attract the fish. 

e Hooks and lines: Hooks and lines are commonly employed to catch 
large-sized target species, but if they are lost, they can have negative 
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consequences for the ecology since they continue to catch sea turtles and 
mammals. 

* Trawl nets: Trawl nets get lost when operating in rocky substrate and 
coral reef areas. This gear cannot catch more fish like other gears, but it 
can still entangle octopus and crabs. 


Purse netting is frequently misplaced while in use. Because it does not 
have a large mess size, after sinking to the seabed, this bulky equipment 
can capture little creatures and have an impact on biodiversity. According 
to Thomas et al. (2019), every year, around 640 000 tons of fishing waste, 
including ghost nets, buoys, lines, traps, and baskets, end up in the oceans. 
Old fishing gear accounts for around 10% of the plastic pollution in the 
oceans throughout the world. Plastic has already come into contact with 
45% of the species mentioned in the IUCN Red List. Six percent of all nets, 
9% of all traps, and 29% of all longlines are lost in the oceans and become 
marine waste annually. Zhang et al. (2020a, 2020b) reported that, based on 
43 bottom trawl samples taken in 2019 from different spatial distribution, 
composition and abundance of plastic litters on the East China Seafloor, PE 
was the most common polymer, accounting for 42.83% of the total weight. 
The plastic products’ surface areas and lengths ranged from 3.43 to 2842 cm? 
and 1.5 cm to 14.25 cm, respectively, and fishing equipment accounted for 
23.87% of all plastic products. 

Drift nets, traps, and fish collectors collectively known as fish aggregating 
devices (FADs) are the most common items lost as litter in the oceans across 
the world, posing the biggest threat to marine life. FADs kill 2.8-6.7 times more 
creatures for overfishing than the target species for which they are utilized, 
including vulnerable species like sharks. Between 81 000 and 121 000 FADs 
were utilized globally in 2015. Not only does old fishing equipment destroy 
marine life, due to mechanical forces such as abrasion, destruction and cover, 
it also causes tremendous damage to the undersea ecosystem. Old fishing 
equipment may be discovered in deep-sea mountains, which are regularly 
fished because of their biodiversity. Existing regional fisheries management 
organizations (RFMOs) control methods are either ineffective or poorly 
administered. An ambitious, legally enforceable ocean conservation agreement 
is needed to limit the lethal threat of obsolete fishing gear, with 30% of the 
world's oceans protected by 2050. In this chapter, the summarized cases are in 
Annex A3.1. 


3.2 PLASTIC DEGRADATION 


Plastic degradation is important in determining the destiny of plastics and their 
environmental consequences. Soils subjected to severe human influence are 
hotspots for the accumulation of plastic waste in the terrestrial environment. 
Plastic contamination is more sensitive in inland waterways, urban lakes and 
riverbanks. The ocean's current confluence zones, beaches and seafloors are 
all possible destinations for plastic debris in the marine environment. Plastics 
are degraded in the environment through abiotic and biotic processes including 
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chemical, physical and biological interactions. In the natural environment, 
typical plastics degrade slowly and are influenced by their properties as 
well as the conditions of the exposed environment. MP created during the 
decomposition of plastics have become a growing source of concern in recent 
years as they have become more prevalent and may pose a threat to the health 
of the ecosystem (Zhang et al., 2021). 

Thetype ofpolymer determines potential degradation pathways and products. 
UV light and oxygen are the two most critical variables that cause polymers 
with a carbon-carbon backbone to degrade, resulting in chain scission. Abiotic 
degradation is likely to occur before biodegradation because smaller polymer 
fragments created by chain scission are more susceptible to biodegradation. 
When heteroatoms are present in a polymer's main chain, photo-oxidation, 
hydrolysis and biodegradation take place. Plastic polymer degradation can 
result in low molecular weight polymer fragments, such as monomers and 
oligomers, as well as the production of new end groups, particularly carboxylic 
acids (Moldoveanu & David, 2002). 

In recent years, the uncontrolled disposal of plastic debris into the marine 
environment has attracted a lot of attention. When plastic is exposed to 
sunshine, it undergoes a constant photo-ageing process and breaks down into 
smaller size fragments, which can harm species in the marine environment 
(von Moos eft al., 2012). Because plastic materials exposed to the environment 
typically contain a variety of additives, determining the impact of plastic 
additives on the ageing of MP in simulated seawater has been carried out to 
estimate the fragmentation process and the potential environmental harm 
caused by MP. 


3.3 TANGIBLE AND INTANGIBLE IMPACTS ON MARINE LIFE 
AND ECOSYSTEMS 


Many marine vertebrate species, including fish, seabirds, sea turtles, and marine 
mammals, interact with marine litter in the Southeast Pacific. After reviewing 
and synthesizing data from various sources, marine debris impacts at least 100 
distinct species (see Annex 1), including entanglement or inclusion of plastics 
in marine animals, seabird nests and plastic ingestion. 


3.3.1 Tangible and entanglement 

Entanglement occurs when marine waste such as trawl netting fragments, plastic 
packing straps, and twine or cords entangle marine creatures, causing death or 
harm. Restricted movement, drowning, starvation and suffocating are among 
the symptoms of entanglement. As they swim or move in the ocean, marine 
animals such as whales, sharks, dolphins, seals, sea lions and sea turtles become 
entangled in fishing gear and other marine debris. Marine animal entanglement, 
a global issue for marine life, occurs in man-made materials, the most prevalent 
of which are plastics. Plastic loops or ropes easily become entangled in marine 
creatures’ necks, bodies, limbs or mouths. It can cause long-term misery or 
death if not eliminated by animals or human intervention. Tables 3.2 and 3.3 
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show details of marine animal entanglements. Parton et al. (2019) performed 
a thorough literature review complimented with innovative data gathered from 
the news to examine entangled cartilaginous fishes. In all, 47 elasmobranch 
entanglement incidents (N = 557 animals) were reported in 26 scientific papers, 
affecting 16 distinct families and 34 species throughout all three main ocean 
basins. Ghost fishing gear was the most prevalent entangling object (74% of 


Table 3.2 Whale entanglements during 2017-2020. 


Year Entanglement Materials 


2017 Lines and buoys 
Line (ropes from an unknown source) 
Traps 
Monofilament's line 
Nets 
Metal line 
Unknown 
Debris 
2018 California Dungeness crab commercial trap fishery 


Washington Dungeness crab commercial trap 
fishery, including tribal fisheries 


Oregon Dungeness crab commercial trap fishery 


Commercial Dungeness crab commercial trap 
fishery, state unknown 


California commercial spot prawn trap fishery 
California recreational spot prawn trap fishery 
Gillnet fisheries 
2019 California Dungeness crab 
Washington Dungeness crab 
Oregon Dungeness crab 
California Recreational Dungeness crab 
Dungeness crab and rock crab 
Commercial Dungeness crab, state unknown 
Gillnet 
Mooring buoy 
Unknown 
2020 California Dungeness crab 
Washington Dungeness crab 
Oregon Dungeness crab 
Gillnet 
Spot prawn 
Unknown 


Source: NOAA Fisheries report (2021). 


Number 


21 
18 


(7 humpback) 
(3 grey, 2 humpback) 


2 (1 grey, 1 humpback) 
1 (1 humpback) 


(1 humpback) 
(1 humpback) 
(3 grey, 4 humpback) 


1 
1 
7 
3 
1 
1 
1 
1 
1 
2 
1 


15 


Or E ka Fa Fa 
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Table 3.3 Number and percentage (within parentheses) of seabirds by species and by 
type of entanglement material during 2008-2018. 


Seabirds Fishing Fishing Fishing Other Total 

Hook Line Net Marine 
Debris 

Razorbill (Alca torda) 0 0 2 (100%) 0 2 

Cory’s shearwater 1 (100%) 0 0 1 

(Calonectris borealis) 

Black-headed gull 0 0 1 (50%) 1(50%) 2 

(Chroicocephalus ridibundus) 

Common loon (Gavia immer) 1 (100%) 0 0 0 1 

European storm petrel 0 0 1 (10000) 0 1 

(Hydrobates pelagicus) 

Audouin's gull (Larus audouinni) 1 (10000) 0 0 0 1 

Lesser black-backed gull 6 (26%) 7 (3000) 2 (9%) 8 (35%) 23 

(Larus fuscus) 

Great black-backed gull 2 (2500) 5 (6300) 1(13%) 0 8 

(Larus marinus) 

Yellow-legged gull 18 (44%) 10 (24%) 2 (5%) 1 (27%) 41 


(Larus michahellis) 
Northern gannet (Morus bassanus) 61 (54%) 19 (17%) 17 (1500) 16 (1400) 113 


Great shearwater (Puffinus gravis) 0 0 1 (100%) 0 1 
Balearic shearwater 0 1 (17%) 5 (83%) 0 6 
(Puffinus mauretanicus) 

Arctic tern (Sterna paradisaea) 1 (10000) 0 0 0 1 
Total 91 (4500) 42 (2100) 32 (1600) 36 (1800) 201 


Source: Costa et al. (2020). 


animals), followed by PP strapping bands (1100 of animals), with other entangling 
materials such as circular plastic garbage, PE bags, and rubber tyres accounting 
for 1% of total entangled animals. The majority of instances were from the 
Pacific and Atlantic seas (49 and 469^, respectively), with a preference for the 
United States (44% of animals). Seventy-four occurrences of elasmobranch 
entanglement were discovered while monitoring social media, covering 14 
families and 26 species. Ghost fishing gear was the most prevalent entanglement 
material (94.9% of animals) on Twitter, with the bulk of entanglement reports 
coming from the Atlantic Ocean (89.4% of total entangled animals). 

The location of the corals in Koh Tao, southern Thailand in reference to 
damage to coral reefs caused by abandoned fishing gear was recorded by 
Ballesteros et al. (2018). Nets were the most frequent kind of lost gear (107), 
followed by lines (21), ropes (15) and cages (2), while branching corals were the 
most common species of coral discovered in contact with and surrounding the 
gear. The coral behind the gear had the most damage, which was mostly tissue 
loss (Table 3.4). 
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Table 3.4 Summary of pollution and coral damage caused by derelict fishing gear on 
coral reefs around Koh Tao, southern Thailand. 


Total Total Categories of Coral Growth Entanglement Location 

Number Damaged Coral Damage Forms by Category 

of Fishing Coral 

Gear 

143 226 * Fresh tissue * Branching Fishing gear Around 
loss (FTL) * Encrusting (nets, ropes, Koh Tao, 
Tissue loss with +  Foliaceous cages, lines) a small 
algal growth e Free-living island 
(TLAG) and * Laminar in the 
Fragmentation and Gulf of 
(FR). * Massive Thailand 


3.3.2 Ingestion and intangible 

The rapid growth rate of plastic used and mismanaged plastic waste, along 
with the extended lifespan of plastic products, has resulted in a long-term 
temporal change in the danger of plastic ingestion, as seen by variations in the 
occurrence and volume of plastic consumed by marine creatures. Plastic usage is 
concentrated in heavily populated regions, and low-density plastics entering the 
sea follow rather predictable distribution patterns. Animal plastic consumption 
rises in response to changes in exposure and area. In several circumstances, 
ingestion rates have declined since 1980s. However, at least among seabirds, 
alterations in the content of ingested plastic have been detected. In nations with 
inadequate solid waste management infrastructure, a large number of plastic 
items are utilized in single-use applications and are easily carried into the marine 
environment by run-off or other natural processes. As a result, the vulnerability 
of animals to ingesting high amounts of marine plastics rises. Plastics found in 
various sizes (nano (1-100 nm), micro (1-5 mm), and macro-particles (225 mm)) 
ingested by marine animals are among the most severe problems. 

According to Ryan (2016), ingestion of plastics by marine species can be 
determined by various factors. The age of a species can influence its response to 
prey and its pace of intake. Plastics may be mistaken for food by younger animals 
due to its appearance and the animals' lack of experience. As a result, the rate 
of plastic ingestion rises, especially among the younger species as in the case of 
Thailand's dugong baby. Based on the autopsy, the juvenile sea cow perished 
due to complications caused by plastic consumption. As a result, it is reasonable 
to conclude that if the sea cow had not been so young and inexperienced in 
determining what is edible, it would not have consumed the plastic components 
that ultimately contributed to its death. In addition, plastic particles remain 
in the stomach for a long time before they are small enough to be excreted. 
Regurgitation and/or excretion are the most common methods used by marine 
creatures to deal with indigestible prey. Excretion may take some time depending 
on the size of the particles, as it does for many seabirds, due to the shape of 
the digestive system (Van Franeker and Law, 2015). Turtles and albatrosses, for 
example, use these methods to deal with ingested plastics. Overall, the size of a 
plastic particle in comparison to the size of an animalis critical to understanding 
how the two interact. The higher the surface area of the particles, the greater 
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the contact between the species and the plastic materials. There are two main 
theories for why marine creatures consume plastic: (1) they are opportunistic 
feeders that eat plastic wherever they come across it, and (2) they eat plastic 
because it is mistaken for prey visually. Plastics can be bioaccumulated and 
transferred along the food chain to other species that consume those animals, 
such as their prey, as a consequence of their ingestion by lower trophic level 
animals. In this chapter, the summarized cases are in Annex A3.2. 

Plastics occur in a variety of colours, making it difficult for marine creatures 
to distinguish between true food and plastics. Asa result, thereisa considerable 
risk of mistaking plastics for food, increasing the ingestion rate even further. 
Food supply has been shown in various studies to impact the rate of plastic 
ingestion by marine creatures. MP absorption was negatively influenced by 
the relative availability of the presence of algae, even at low concentrations 
(Aljaibachi & Callaghan, 2018). The effects of 2 um polystyrene MP on 
Daphnia magna mortality and reproduction in relation to food availability 
(algae Chlorella vulgaris) were investigated. As a result, Daphnia magna was 
selectively eating the algae than MP. The study found that no toxic effect after 
a 96 h of exposure although 7 days of exposure to high concentration of MPs 
increased mortality. Mortality, reproduction and growth rate were mainly 
linked to food concentrations (algae) rather than MPs. 

Although there is no evidence that water quality influences the likelihood of 
plastic ingestion by marine animals, experiences show that water bodies with 
high turbidity are more likely to have plastic ingestion. This logical conclusion 
is reached because water with high turbidity has poor vision, resulting in the 
probability of greater plastic ingestion due to the incapacity of some marine 
animals to distinguish between plastics based on their colour spectrum. 

Even though plastic polymers are biochemically inert, they can interact and 
have harmful consequences for humans and the environment. The polymer 
matrix, additives, breakdown products, and/or adsorbed pollutants can all 
contribute to plastic toxicity. 

Plastics are oligomers/polymers composed of monomer building components. 
PE, for example, is made from the polymerization of ethylene (C,H,) monomers, 
which belong to the alkene family of organic molecules. Many chemical 
components employed in plastic manufacture may be released during the plastic's 
entire life cycle, creating a possible human health risk, environmental issues, 
and recycling system difficulties, but only a few of these compounds have been 
investigated. The potential for contaminated MP to transfer toxic chemicals 
(polycyclic aromatic hydrocarbon or pyrene) to exposed mussels Mytilus 
galloprovincialis was also demonstrated; MP were found in haemolymph, gills, 
and primarily digestive tissues, where pyrene was found in high concentrations. 
Among the cellular modifications were immunology changes. The composition 
of plastic materials under various environmental conditions and variables is 
complicated. It is a common misconception that all plastics are inert and have 
the same chemical composition. Plastic manufacturers, aquatics, terrestrials 
and atmospheric scientists, health care professionals, waste and chemical 
engineers, economists, regulators, and others must work together to better 
understand the composition and nature of plastic products, including additives, 
to answer critical questions and mitigate potential consequences. 
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Table 3.5 Bioconcentration and effects of chemical additives in plastics. 


S/N Chemical Additives Abbreviation Log Kow Effects 

1 Butyl benzyl phthalate BBP 4.70 Endocrine disruptors 
2 Di(2-ethylexyl) phthalate DEHP 7.73 Endocrine disruptors 
3 Diethyl phthalate DEP 2.54 Endocrine disruptors 
4 Diisobutyl phthalate DiBP 4.27 Endocrine disruptors 
5 Diisodecyl phthalate DiDP 9.46 Endocrine disruptors 
6 Diisononyl phthalate DiNP 8.60 Endocrine disruptors 
7 Dimethyl phthalate DMP 1.61 Endocrine disruptors 
8 Di-n-butyl phthalate DnBP 4.27 Endocrine disruptors 
9 Di-n-octyl phthalate DnOP 7.73 Endocrine disruptors 
10 Hexabromocyclododecane HBCD 5.07-5.47 X Endocrine disruptors 
11 Polybrominated diphenyl PBDE 5.52-11.22 Endocrine disruptors 

ether 

12 Tetrabromobisphenol ATBBPA 4.5 Endocrine disruptors 
15 Bisphenol A BPA 3.40 Endocrine disruptors 
14 Nonylphenol NP 4.48-4.80 Endocrine disruptors 


Source: Hermabessiere et al. (2017). 


Due to the fact that MP has been shown to be a vector of environmental 
contaminants to marine organisms for a variety of compounds, future 
research should focus on determining the relative importance of MP in 
comparison to other sources of particulate matter in the marine environment. 
Chlorpyrifos (CPF) was recently discovered to have a higher median lethal 
concentration (LC50 = 1.34 g/L) than MP (LC50 = 0.37 g/L) or CPF-loaded 
MP (LC50 = 0.26 g/L). CPF had significant effects on feeding and egg 
production (EC50 = 0.77 and 1.07 g/L for CPF, 0.03 and 0.05 g/L for CPF 
mixed with MP, 0.18 and 0.20 g/L for CPF-loaded MP). When ‘virgin’ MP 
was exposed, no substantial impacts were seen (Juan et al., 2020). Plastics 
have chemical additives that act as plasticizers or flame retardants. They can 
also potentially damage organisms as well as taint the food chain. Table 3.5 
lists the principal plastic additives and their corresponding octanol-water 
partition coefficients, as well as bioconcentration and impacts of chemical 
additions in plastics (K,,). A rise in log K,, suggests an increase in the 
potential bioconcentration in organisms, and it has been used to forecast how 
a chemical may concentrate in marine species. 


3.4 CONTAMINATIONS IN SEAFOOD AND THEIR BY-PRODUCTS 


MP and related hazardous compounds in plastic food packaging and drinking 
water are important causes of food contamination. Infection, however, is not 
limited to packaged foods; natural food chains can also be a source of human 
contamination (Table 5.6). Although the majority of research to date has focused 
on seafood, there is a large knowledge gap. MP has been detected in a variety 
of economically significant species and people; nevertheless, the bulk of MP 
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Table 3.6 MP in animal and seafood. 


Study Area Species Types of MP LC; * (Items/ Reference 
Individule) 
Marine Science Juvenile PS <30 um 25 Phothakwanpracha 
Department, tiger shrimp PS30-300um 19 et al. (2021) 
Chulalongkorn (Penaeus 
University monodon) PS 300-1000 ım 19 
Maptaphut, Blue swimming PET, PP, PS, 1.30 Fangsrikum et al. 
Rayong crab polyester, nylon (2021) 
province Goldstripe PET, PE, PP, 3.90 
sardinella nylon 
Silver sillago PET, polyester, 1.88 
nylon 
Green mussel PET, PE, PP 0.75 
2 Salt brands Sea salt PET, PE, PP, 80-600 Kim et al. (2018) 
PVC parties/kg 


ingestion from ‘seafood’ comes from species consumed whole, such as mussels, 
oysters, shrimp, crabs and some tiny fish. MP contamination of other seafood, 
such as fish muscle tissue, may not be confined to ingestion of the species 
indicated above; it is likely that other seafood, such as fish muscle tissue, may 
be polluted either inside the organism or during preparation. MP particles have 
also been discovered in commercial table salt made from sea, lake, or rock salt. 

The abundance and distribution of MP in dried anchovy products purchased 
from local fishing markets in the Western Gulf of Thailand are quantified by 
Phaoduang et al. (2021). Based on samples from five dried anchovy products, 
the quantity of MP in dried anchovy fish ranged from 0.47 to 3.18 particles per 
gram, with MP ranging in size from 109 to 1 006 um. This study reveals that 
dried anchovies may be contaminated with MP, raising concerns about seafood 
safety and human health. Similarly, Lira et al. (2020) also found that fermented 
fish pastes (Bagoong) are among the most widely used liquid condiments in 
Asian countries, albeit fish paste manufacture varies from region to country. 
Balayan is a municipality in the province of Batangas in the Philippines that is 
known for its Bagoong Balayan. A total of 29 compounds passed the required 
match factor of 80, with 14 found in all of the fish paste samples collected. 
After centrifugation, vacuum filtering and microscope examination, MP were 
found in all of the samples. The majority of the MP found were fibrous in form 
and red or blue in colour. Human consumers may be subjected to MP pollution 
from fisheries-targeted species. In addition, a recent study from Thailand 
found contaminated samples of shrimp paste obtained from five provinces 
in the Andaman Sea and the Gulf of Thailand. MP concentrations in shrimp 
paste ranged from 6 to 11.5 particles/10 g, according to the findings. The MP 
were made up of fibres and pieces with lengths ranging from 0.1 to 1.0 mm. 
Polyethylene terephthalate (PET), polyurethane, rayon, PS, and polyvinyl 
alcohol were the five separate forms of plastic polymers found (Sutthacheep 
et al., 2021). 
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3.5 CASE STUDIES 


3.5.1 Cases of entanglement in United States West Coast during 
2017-2020 

NOAA Fisheries confirmed 76 cases of large whale entanglement along the 
United States' coasts in 2017. This number represented are: 49 humpback 
whales, 11 grey whales, 7 minke whales, 5 blue whales, 2 north Atlantic 
right whales, 2 unidentified whales, 1 fin whale and 1 Sei whale. Forty-six 
whales were entangled off the coasts of Washington, Oregon and California 
in 2018, according to NOAA Fisheries. Humpback whales remain the most 
commonly entangled species, with 54 confirmed entanglements in 2018. 
Eleven grey whales and 1 fin whale were also reportedly entangled. Seven of 
the verified (5 humpback whales and 2 grey whales) were reported as dead 
due to entanglement, while the rest survived. NOAA Fisheries reported 
entanglement reporting on the United States West Coast in 2019, with a total 
of 26 whales confirmed entangled off the coasts of Washington, Oregon and 
California. Humpback whales remain the most often entangled species, with 17 
confirmed entanglements, 8 grey whale entanglements, and 1 confirmed minke 
whale entanglement. In southern California, a dead leatherback sea turtle was 
discovered entangled in rock crab gear. 

NOAA Fisheries reported 17 entangled whales offthe coastlines of Washington, 
Oregon and California, or off the coasts of other nations but entangled by United 
States commercial fishing gear, in 2020. Ten humpback whales, 6 grey whales, 
and 1 sperm whale were entangled as summarized in Table 3.7. 


3.5.2 Abundance, composition and fate of MP in water, sediment and 
shellfish in the Tapi-Phumduang River system and Bandon Bay, Thailand 
MP pollution in the environment is a global challenge, as shown by a growing 
number of studies. According to a recent survey in Thailand, the Tapi- 
Phumduang River system (n = 10) and Bandon Bay (n = 5) were sampled for 
water and sediment. The green mussels (Perna viridis) and lyrate Asiatic hard 
clam (Meretrix lyrata), two commercial bivalve species produced in the bay, 
were also studied. It was found that MP were identified in greater numbers 
in the river system than in the bay. One-third of the MP entering the bay was 
swept back upstream during high tide during the tidal cycle. The majority of 
the MP in this backflow was bigger. The daily average load of MP delivered to 
the bay was 22.4 x 10? items. The load was roughly 4-5 times higher during 
low tide than during high tide. The total buildup of MP in the river's bottom 
sediments and the bay's bottom sediments were comparable (p « 0.05). 
Green mussels have substantially more MP contamination than clams. The 
little shellfish had significantly more particles (items/g) than the large ones 
(p « 0.05). Fibres were found in nearly all samples, including water (989/), 
sediment (94%), mussels (100%), and clams (100%) (95%). Microfibres (<1 mm) 
were found in 71% of the water, 63% of the sediment, 63% of the green mussels, 
and 63% of the clams (52%). The most common hues were blue and white, with 
rayon being the most common polymer, followed by PP or PE, PET and nylon. 
These MP may eventually wind up in sediments and biological animals. 
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ANNEX 3.2 INGESTION 


Marine Plastics Abatement: Volume 1 


Table A3.2.1 Microplastics in target organs in echinoderm, molluscs and coral reefs. 


S/N Phylum/ List of Family Common Species TypeofIP Shape of IP 
Class Ingested Name 
Gested MA 
1 Echinoderms Sea Holothuriidae Sea Holothuria Microbead Fragments 
Cucumber Cucumber cinerascens Fibres 
Film 
2 Echinoderms Sea Stichopodidae Japanese Apostichopus Cellophane  Fibres 
Cucumber sea japonicus Polyester, 
cucumber PET 
3 Echinoderms Sea Urchin Parechinidae Common Paracentrotus PS N/A 
Sea lividus 
Urchin 
4 Mammal Sea cow Dugongidae Sea cow Dugong N/A N/A 
5 Echinoderms Sea cucumber Cucumariidae Trepang Holothuria PE Frag-ments 
cinerascens Fibres 
6 Echinoderms Sea cucumber Cucumariidae Trepang Strombidium PS Microbeads 


Note: MA = marine animals, IP = ingested plastics. 
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Colour Number Target Organ Size Location Study References 
of Plastics Period 
Bioaccumulated 
Pink 0.1-1 N/A N/A Kwazulu- Summer/ Iwalaye et al. 
Black Natal Winter (2020) 
Blue South Africa July 2017- 
Yellow Feb 2018 
White 
N/A 0-50 Intestines 55 um Bohai Sea 2018 Muhammad 
Yellow Sea et al. (2018) 
in China 
Red N/A Presumably 10-50 um Italy 2018 Messinetti 
Intestines et al. (2018) 
(found in faecal 
pellet) 
N/A N/A Stomach N/A South May 2019 Emily Dixon 
Thailand (2019) 
Fluorescent 32-227 N/A 0.59 to South Africa 2018 Iwalaye et al. 
2.90 um (2020) 
Fluorescent 32-227 N/A 0.5-5 jum South Africa 2018 Iwalaye et al. 


(2020) 
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owing to pressure differences and diffusion through a concentration gradient 
across the membrane also contribute to the transfer of uncharged solutes. The 
Donnan effect involves the interaction between co-ion rejection and the fixed 
electric charges associated with the membrane matrix and is the main mode 
of transport for charged solutes (ions). The next sections will go through some 
of the most often used transportation models. It should be highlighted that no 
mathematical modelling has yet been developed that applies to a wide range 
of applications. The majority of existing models are only usable in select and 
limited circumstances. 

The solution-diffusion model is the most generally accepted transport model 
for water molecules flowing over a polymeric membrane. This model's theory is 
built on a few key assumptions. First, it is assumed that all permeable compounds 
dissolve in the polymer matrix and permeate through it and that the membrane 
is devoid of holes. Although it is difficult to say that a membrane is completely 
devoid of pores, the pores in question appear and disappear as time passes 
and water diffuses through the membrane. The second assumption is that the 
surface of the membrane and the fluids on each side of it are in a condition of 
equilibrium. The researcher can sense a continual chemical potential gradient 
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thanks to this assumption. Finally, the pressure in the membrane is assumed to 
be constant, resulting in a thermodynamic chemical potential gradient across 
the membrane solely determined by the concentration gradient. Assuming that 
concentration and pressure gradients alone govern water flow, the relationship 
for change in chemical potential is expressed as 


dy; — RTd In a; +v;dP (5.1) 


where a; is the activity, v; is the molar volume, and dP is the pressure gradient 
across the membrane and i is the ith component. 

Several hypotheses and models have been presented to arrive at an 
appropriate model for membrane transport mechanisms, as shown in Table 5.1. 
Due to the differences in membrane properties, the models utilised for each 
membrane may differ. The complication of the models is also affected by various 
types of fouling. 


5.4 MODELLING REVERSE OSMOSIS PROCESS 


Several mathematical models have been presented for the solute and solvent 
transport mechanisms, with the solution-diffusion transport mechanism 
being the most popular and commonly used. Fick's law can express the water 
transport through the membrane. The equation is reduced to a formula in which 
the water flux is connected to pressure and concentration gradients across the 
membrane after various assumptions and derivations. The salt content at the 
feed across the membrane and on the permeate side determines solute flux. 

Pre-processing, solution, and post-processing are the three basic phases of 
most commercial CFD software. The first stage in constructing a meaningful 
model geometry is pre-processing. In the PoU system, the spiral wound 
membrane module is the most usually employed. While modelling the spiral 
wound membrane module, it is critical to consider the pressure drop. 

The flow in the feed and permeate channels can be quantitatively represented 
by establishing a set of partial differential equations, often known as the 
Navier-Stokes equations. The following are the governing equations for mass 
and momentum conservation in laminar flow: 


Op 


Ot Lol =&; (5.2) 
Ov » 
poe ——VP +V.(uV jt) + pg + Sm (5.3) 


where p is the fluid density, v is the velocity, ois the fluid velocity vector, u 
is the viscosity of the fluid, P is the pressure, and g is the acceleration due 
to gravity. S; and S,, are the mass and momentum source terms, respectively. 
Because of penetration through the membrane wall, source terms are required 
for accounting for losses or gains at permeable wall boundaries. The following 
equation can be used to incorporate the conservation of solute (A) mass fraction 
into the model: 
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OpHA 


5 +V.(p(ji)m,) - V.(oDm,) = 0 (5.4) 


where ma is the solute mass fraction and D is the solute mass diffusivity 
coefficient. 

For laminar flow steady-state conditions, the transport of solute (A) in terms 
of solute concentration can be defined using the convection-diffusion equation 
given as 


V.(D4Vii) — V.(fica) = 0 (5.5) 


where D, is the solute diffusion coefficient and c, is the solute molar 
concentration of (A). 

Depending on a situation's characteristics and solution method, 2-D or 5-D 
conservation equations are applied. The governing transport equation with 
no time-dependent components is used for the feed and permeate channels 
in steady-state laminar flow. This model can examine the effects of operating 
pressure, solute concentration, and cross-flow velocity on total and local fluxes 
throughout the length of the membrane module. A distinct source term must 
be included in each transport equation to describe the changes in mass or 
momentum on both sides of the membrane. The following are the source terms 
for the continuity equation, momentum transfer equation, and energy equation 
(Roy et al., 2020): 

J.A 


SCH atthe feed/membrane interface 
S; — iA (5.6) 


E atthe permeate/membrane interface 


ad E atthe feed/membrane interface 
X atthe permeate/membrane interface 
A, AT +h 
J L T atthe feed/membrane interface 
S= (5.8) 
J-Au(& AT + h) 


atthepermeate/membrane interface 


where u is the velocity of the feed stream, V is the volume of the fluid element, 
and h is the latent heat. At the feed/membrane contact, the mass, momentum, 
and energy sink terms can be calculated. As shown in Figure 5.2, the data are 
concurrently sent to the membrane/permeate interface as correct and relevant 
results. 


5.4.1 Modelling transport phenomena in reverse osmosis membrane 
The solvent molecules (water) migrate through the membrane from the high 
concentration side to the low concentration side during an osmotic process 
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Feed-membrane 


interface Mass, momentum 
or energy gain 
D Mass, momentum 
Permeate-membrane or energy sink 
interface 


Figure 5.2 Mass, jump approach to calculate mass, momentum and energy source term: 
S, Sw Se 


because of the difference in osmotic pressure. The transport mechanism in the 
RO process works in the opposite direction of the osmotic process. As a result, 
high pressure is provided to the feed solution side (which must be greater than 
the osmotic pressure) to compel water molecules to flow to the dilute (permeate) 
side across a dense hydrophilic membrane (Figure 5.5). 

RO membrane's design equations are based on the solution-diffusion 
transport mechanism. The flux of water and solutes is calculated as follows: 


Jw =P, (Ap — Ar) (5.9) 
Js - B. (Gi — C2) (5.10) 


The osmotic pressure of the liquid feed is one factor to consider when 
determining the operating pressure for RO. The pressure provided to avoid 
the inward flow of water over the membrane is called osmotic pressure. This 


Figure 5.3 Chemical potential, pressure and solvent activity difference between feed and 
permeate during RO process. 
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is proportional to the solute concentration and temperature for low solute 
concentrations (Ang and Mohammad, 2015). The Pitzer equation or Van't 
Hoff's reported equation can be used to compute osmotic pressure. The Pitzer 
equation's computation stages, on the other hand, are difficult. So here is a 
simplified version of Van't Hoff's equation: 


T =V RoT (5.11) 


It should be noted that this equation is only applicable to dilute water 
solutions with a TDS of less than 20 000. The existing transport models and basic 
equations for estimating the solute and solvent fluxes for RO membranes are 
summarised in Table 5.2. The reference given has the details of the derivation. 


Table 5.2 Merits and demerits of the models and/or predicting organic trace rejection 
by RO membranes. 


Model Merits Demerits 
Models based * Nospecified mechanism + The driving forces such as 
on irreversible of solute transport and pressure and concentration 
thermodynamics structure for membrane. gradients restricted real-world 
* Appropriate for application of the model. 
performance prediction  * Series of assumptions leads to a 
of multiple solutes (NF/ case to unrealistic cases. 
RO systems). e For the model applicability, system 


should not be near equilibrium. 
* Effective for high rejection system. 


Mass transport * Simple models: provide  * Different water quality and 


models estimates even for operating conditions affect solute 
technically demanding mass transfer coefficients. 
separations. * Membrane physicochemical 
* Modellinearisation parameters constrain model 
results in faster application. 
calculations. * Highly appropriate to single-solute 
systems. 


* Mass transfer coefficients of the 
solute depend on the test unit 
scale in membrane scale-up. 


Artificial neural + Easy to use. * Applicable in specific range of 
network models * Do not use physical experimental conditions. 

in conjunction principles or transport * Model accuracy is influenced 
(or not) with phenomena, hence by changes in membrane 
quantitative overcoming complexity characteristics due to fouling or 
structure-activity difficulties. swelling. 

relationship * Accurate estimates than 

models existing models. 


* Modelis valid regardless 
of the membrane's 
rejection performance. 
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Mathematical modelling of trace contaminant rejection is extremely 
valuable in forecasting the removal of harmful compounds from water. The 
irreversible thermodynamics model proposed by Kedem and Katchalsky 
(1958) is another model that describes boron transport. The solution-diffusion 
and irreversible thermodynamics models’ transport equations are shown 
above and in Table 5.1. 

The water temperature in membrane water treatment processes is important 
to consider when functioning the plants. Higher temperature raw water 
necessitates lower operating pressure, and vice versa for low-temperature raw 
water to achieve the specified production capacity. The permeate to flow at 
25°C can be approximated by assuming all membrane performance factors 
remain constant (Ang and Mohammad, 2015): 


Qr = Qosc x 1.03" 7 (5.12) 


Both RO and NF membranes can be used with this equation. The selectivity 
of RO membranes is often measured as the solute rejection coefficient, which is 
calculated as (Ang and Mohammad, 2015): 


C, -C 


R- P x 10090 (5.13) 


b 


Because RO membranes reject a significant amount of solute, the solute 
concentration maintained at the membrane surface (feed side) is very high. 
Concentration polarisation (CP) becomes a problem as a result of this. The 
solute concentration at the membrane surface (feed side) differs from that in 
bulk. Asa result, the solute wall concentration is calculated using the film theory 
model (as shown in the previous section). To calculate the RO membrane's true 
rejection percentage, the solute wall concentration is required. 

After the CP influence is taken into account, the governing equations for 
water and solute flux are also modified. The final calculation provided in 
the previous part might be used to calculate the solute concentration at the 
membrane surface. 

For rejection: 

Rep = cnt x 100% (5.14) 


m 


For more accurate prediction, the CP effect should be included in modelling. 
The following is an example of how the CP ratio for tubular membranes in the 
turbulent area has been calculated: 


C 1 1 
a= 1 Rk 
C p tD exp(k) (5.15) 
Cp 
D. = wee $ s 
e (5.16) 


The following equation can be obtained by including the CP ratio in the 
equations (5.9) and (5.10): 
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Jw "lg Se | z (5.17) 
Cu 1 
Js - RC, C D | (5.18) 


These equations allow for the estimation of RO membrane performance and 
the prediction of the effect of CP on the given operating circumstances. 

Turbulent flow problems require a different procedure than laminar flow 
problems resulting in a wider range of length and period. Because of the 
turbulent eddies in the flow, turbulent flow issues are inherently unsteady 
and 3-D. This makes it more difficult to model turbulent flow equations and 
more computationally demanding to solve them. The Reynolds averaged 
Navier-Stokes (RANS), direct numerical simulation, and large eddy simulation 
approaches have all been utilised to solve turbulence problems. The direct 
numerical simulation (DNS) solves the Navier-Stokes equations for all 
turbulent flow scales under unstable conditions without using a turbulence 
model. However, DNS computations for turbulent flows become complex when 
the Reynolds number in the flow domain grows. As a result, DNS modes need 
highly precise 5-D mesh manipulation and enormous computational resources. 
However, because most PoU systems are small, they may be simplified, and 
laminar flow can be considered via membranes, which can then be studied. 


5.4.2 Membrane reliability modelling 

The examination of the reliability of a membrane process unit should be an 
integral aspect of its design and operation. However, because this has typically 
been difficult to assess and quantify, its management has been generally 
overlooked. Throughout the life cycle of the membrane module, reliability 
modelling can be utilised to predict failure and subsequent process shortages. 
This would also result in considerable capital and operating cost reductions 
by deploying superior strategies drawn from simulation results while allowing 
utilities and plant designers to effectively control and quantify the risk of non- 
compliance due to membrane failure. The application of reliability modelling 
expands membrane process performance beyond membrane fouling to include 
membrane ageing and failure. 

Modelling membrane processes accurately is crucial for evaluating innovative 
process configurations, building scalable membrane systems, estimating 
process costs, and directing future research. Most membrane process models 
sacrifice accuracy for computational efficiency by using simplified process 
approximations and solution parameters. For RO case examples, this approach 
measures the error introduced by these simplifications. While the error level 
caused by these simulations varies depending on the case study characteristics 
and specifications, the model formulations can underestimate or overestimate 
average water flux by two times. While the magnitude of error introduced by the 
simulations varies depending on the parameters and specifications, the model 
formulas can underestimate or overestimate membrane processes operating 
under standard conditions. 
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These performance models may contain errors that mask high-impact 
technology development research demands, impede technological scale-up 
from the lab, and allow persistent research in non-competitive technologies. 
Detailed 1-D process models link the design, operational, condition, and 
process elements of a membrane stage using a system of differential equations. 
When these models are solved for a specific design and operational condition, 
the profiles of variables along the membrane stage are described. It provides an 
estimate of how long the process will take. Other important parameters like net 
energy consumption and cost can be evaluated and optimised using stage-level 
process models, which can then be integrated into systems-scale models. 


5.4.3 Modelling transport and fouling mechanisms 
Figure 5.4 depicts the transport of solute/solvent molecules across membranes. 
There are four types of transport mechanisms in general: 


* bulk flow 

e diffusion 

e restricted diffusion 
* solution-diffusion 


Fouling affects the membrane flux and rejection of undesirable substances in 
water. As a result, modelling membrane performance in water treatment should 
include membrane fouling as an inescapable phenomenon. Fouling may exist 
indifferent forms: 


* Adsorption: Occurs when the membrane interacts with the foulant/ 
solute in the solution in a specific way. 

e Pore blockage: Foulants/particles obstruct the pores of the membrane. 

e Deposition: A layer-by-layer accumulation of particles on the membrane's 
surface (known as cake resistance fouling as well). 

* Gel formation: In the immediate proximity of the membrane surface, CP 
causes the formation of a gel layer. 


Fouling mechanisms, phenomenological background, and transport 
equations in RO membranes are all detailed in Table 5.5. 


O 
e 
Oe 
O * 
(b) (c) 


Figure 5.4 Transport mechanisms in membranes: (a) bulk flow; (b) diffusion; (c) restricted 
diffusion; (d) solution-diffusion. 
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Figure 5.5 Concentration polarisation. 


5.4.4 Modelling concentration polarisation 
The aggregation of residual solutes in the membrane boundaries at the feed 
side is called concentration polarisation (CP) (Figure 5.5). It is an unavoidable 
consequence of membrane selectivity. Because the solute concentration on the 
membrane filtration unit's wall differs from the bulk feed concentration, CP 
makes modelling the membrane filtration unit more difficult. The concentration 
of solutes on the solute wall is difficult to determine. This phenomenon has 
been described using the boundary layer film model. The convection of solute 
over the membrane surface is equal to the solute that penetrates through the 
membrane layer under steady-state conditions, with solute diffusion returning 
to the bulk feed solution. 

JC = JC, -D, E (5.19) 

The solution of Eq. (5.18) for the boundary conditions: z = 0;C = Cm and 
z = ly; C = C will give 


Ced. 
C-C, 


J= EN In 
ly 


(5.20) 


Finally, the solute concentration at the membrane surface is determined 
using this equation derived from the film theory model. 


D. 


ij 


Geli -cje | (5.21) 


Cm is a very significant parameter as it has been used in several membrane 
transport models. 
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Usually, the term (D; /L.) in Eqs (5.19) and (5.20) is called a mass transfer 
coefficient k;,, and it can be estimated using some standard dimensionless 
numbers such as the Sherwood number (Sh), Reynolds number (Re), Schmidt 
number (Sc), and Peclet number (Pe), the analytical tools can be used to 
determine the bulk and permeate concentrations. 

A membrane purification unit's effectiveness may be hindered by the 
presence of CP. It reduces water flux, rejects unwanted solutes, produces 
precipitation due to high surface concentrations exceeding the solubility limit, 
alters membrane separation properties, and increases fouling from colloidal 
or particle debris that clogs the membrane surface. As a result, the membrane 
module's design and operating circumstances are critical in preventing and 
reducing the impact of CP. 


5.4.5 Energy consumption 
One ofthe major components of membrane-based PoU water treatment is energy 
consumption. The energy required for the PoU system can be expressed as 


Er = Ein + Ey + Ep + EA (5.22) 


where E is the energy requirement, subscripts T, in, pt, p, and A are the total, feed 
water supply, pre-treatment and post-treatment, pressure pump and accessories 
(chemical dosing, filter backwashing/cleaning and pumping the product water). 

It is generally believed that the process of RO material transfer is affected 
by external and internal resistance. The internal resistance is mainly the 
osmotic pressure that must be overcome during the RO process, and the 
external resistance is the thermodynamic limit pressure. As the manufacturing 
technology of RO membrane elements has become increasingly mature in 
recent years, the thermodynamic limit resistance exceeding the transmembrane 
transmission resistance has become the dominant factor limiting the flux of the 
RO membranes. 


5.4.5.1 Specific energy consumption 

Specific energy consumption (SEC) is the most important parameter to 
characterise the performance of the RO desalination process. The unit is kWh 
m š, representing the energy required to produce 1 m of product water. It is also 
the stable operation of RO desalination equipment. The main influencing factors 
of specific energy consumption include the osmotic pressure of concentrated 
water, the resistance of the fluid through the membrane, the friction loss in 
the concentrated water and freshwater channels of the membrane, and the 
efficiency of the pump. 

Figure 5.6 shows a schematic diagram of an RO membrane-based PoU 
water treatment process. As a result of the main analysis of the influence of the 
transmembrane transfer resistance and the thermodynamic limit resistance on 
the membrane flux, the mathematical model is simplified, and the effect of CP 
is ignored. The pressure drops of the concentrated water flowing out of the RO 
membrane are ignored, and the permeate water and the feed water pressures 
are considered equal. 
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Figure 5.6 Energy flow diagram of the RO process. 
The pressure pump raises the feed pressure from P, to P, to overcome the 


osmotic pressure. The efficiency of the pressure pump is expressed by nyp, and 
the energy consumption W of the high-pressure pump can be expressed as 


W = Q x(B - h) (5.22) 
7] 
The SEC can be defined as 
W AP, 
SEC=—= 5.23 
Q Y, (5.23) 


In the entire process, according to the law of conservation of materials, there 
is a mass balance equation for solution and solute; that is, the feed water flow is 
equal to the sum of the freshwater flow and the concentrated water flow: 


Q =Q, + Q, (5.24) 


where Q; is the feed water flow; Qp is the permeate flow and Q, is the concentrate 
flow. Similarly, according to the conservation of salt quality, the salt content in 
the feed water is equal to the sum of the salt content of the permeate water and 
the salt content of the concentrated water, namely 


Qic; = Qscy + QC, (5.25) 


where c, is the average salt concentration of the feed water; c, is the average salt 
concentration of the osmotic water; c, is the average concentration of salt in 
the concentrated water. 

The osmotic pressure of the solution can be calculated according to the 
Van't Hoff equation as described in earlier sections. 

The osmotic pressure 7,,; at the concentrated water outlet of the membrane 
element has the following relationship with the original seawater osmotic 
pressure m: 


Text Cr 1 qu Y (1 -R) 
To Cr 1-Y 


To (5.26) 


where R, is the desalination rate. 
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The osmotic pressure x, of the permeated water is ignored; that is, the 
osmotic pressure difference at the outlet of the membrane element is 


— (5.27) 
1-Y 


ll? 


are = Texit — Tp 


Assuming that the salt concentration is the highest at the concentrated 
water outlet of the membrane element, the transmembrane pressure entering 
the membrane element must be greater than the osmotic pressure difference 
at the membrane outlet to ensure that the membrane element has permeation 
flux over the entire length, and the flux is only in the membrane. The exit of the 
component is reduced to 0. 


AP; > AT exit (5.28) 


Equation (5.25) is the thermodynamic limit equation of the RO process in 
cross-flow operation. The permeate water production process can occur on the 
entire RO membrane element until the exit of the membrane element tail, where 
the effective driving force disappears: 


spes P EDO 


2 Yü-Y)me ^ (5.29) 


Standardising the SEC relative to the feed water’s osmotic pressure Gol can 
be obtained as follows: 
SEC. 1-Y(I-R). 
To = VU = Y) NHP 


SEChorm = b (5.30) 


5.4.5.2 Energy efficiency 
In addition to reducing the specific energy consumption of the membrane 
process, improving the energy utilisation efficiency of the RO process can also 
extend the working time of the small RO seawater desalination equipment. 
Therefore, a mathematical model is established in this section to calculate the 
membrane energy efficiency, permeate volume flow and desalination rate in a 
small system, which is mainly related to the feed water concentration and the 
high-pressure pump. 

Due to the irreversible nature of the mixing process, the separation process 
of the membrane does not occur spontaneously. To carry out the process, the 
pressure difference applied by the pump must take the form: 


Aan = AT + APosses (5.31) 


where Ax is the osmotic pressure difference between the membrane inlet and 
outlet solution; A Dee, is the friction loss in the membrane system. 

When the membrane loss in the RO system is not considered, that 
is, AP, | = An, the system consumes the least energy to complete the 
membrane separation work in an ideal state. According to the second law 
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of thermodynamics, considering the adiabatic mixing process, the minimum 
separation energy of the feed liquid salt and water can be obtained from the 
following equation: 


Wmin = —RT (y, In(y,) + ys In (y,)) (5.32) 


where y, is the molar fraction of the solute in the membrane inlet solution, 
that is, the ratio of the amount of solute to the amount of the entire solution; 
and y, is the mole fraction of the solvent, y, = 1 — y,. Therefore, the minimum 
separation work W,,,,, of the membrane can be expressed as 


Win = PiQiWmin (5.53) 


where p; is the density of the feed solution. 
Wpump represents the actual work provided by the pump to the system due to 
friction loss, which can be obtained by 
DP 
Woump _ Q(B-R) (5.54) 
Np 
The energy utilisation efficiency of the membrane is defined as the ratio 
between the minimum separation work and the work done by the actual pump: 


W min 
W pump 


n= (5.35) 


5.5 CASE STUDIES 


Application of mathematical models, e.g. CFD in optimising the design of 
membrane-based PoU water treatment system, is rarely cited. There are several 
reasons for not having examples of the application of mathematical models in 
such systems a) CFD is complex and the efforts/resources required to optimise 
these systems are more than other tools such as actual systems; b) PoU water 
treatment systems are comparative cheaper options and any optimisation may 
not result in effective cost/resources reduction c) experimentation is carried out 
using actual systems for further optimisation. However, mathematical models 
have different advantages and should be applied in optimising even PoU water 
treatment systems. 

An attempt is made to apply computational models using examples in 
optimisation and further improve the performance of PoU water treatment 
systems. 


5.5.1 Modelling velocity field and concentration polarisation 

This case study uses a 2-D streamline upwind Petrov/Galerkin finite element 
model to simulate the spiral wound RO module (Ma et al. 2016). The model 
uses Navier-Stokes equations and solute transport equations. It must be noted 
that this model is not relevant to ultrafiltration and microfiltration modules 
because the flow characteristics in these systems are typically turbulent or 
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transitional, which this model cannot adequately represent. However, the 
model can accurately replicate concentration polarisation in most spiral wound 
RO systems and some NF systems under normal operating conditions. 


5.5.1.1 Velocity field 

The parabolic velocity profile in the empty feed channel regions is identical to 
that of a channel with impermeable walls. However, due to penetration, the 
primary flow changes from cross-flow to flow towards the membrane surface 
in the thin layer near the membrane surface (Figure 5.7). The contours of flow 
velocity magnitude in a channel with a single 0.5 mm x 0.5 mm filament affixed 
to the membrane surface are shown in Figure 5.8. Compared to the parabolic 
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Figure 5.7 Velocity field in the flow direction transition region in an empty channel. 
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Figure 5.8 Velocity profile contour in a feed channel with a 0.5 mm x 0.5 mm filament 
attached to a membrane at y=0. 
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Figure 5.9 Velocity profile in the recirculation regions in a feed channel with a 
0.5 mm x 0.5 mm filament attached to a membrane at y — 0. 


velocity profile, the velocity in the restricted feed channel surrounding the 
filament increases dramatically, implying that mass transfer in these locations 
would be enhanced. However, if the filament was linked to the membrane, the 
velocity dropped in the regions directly in front of and behind the filament near 
the membrane surface; mass transfer would be compromised in these areas. 
The attached filament formed recirculation zones (wakes), primarily behind 
the filament. Figure 5.9 depicts the recirculation induced by a 0.5 mm x 0.5 mm 
filament attached to a single membrane. Because mesh length (the distance 
between two nearby filaments) is normally at least 5-10 times spacer filament 
thickness in practical RO modules, contact between adjacent filaments may be 
negligible under normal working conditions. 


5.5.1.2 Concentration polarisation 

Salt content grew monotonously downstream in empty RO feed channels, 
then decreased from the membrane surface to the bulk, as seen in Figure 5.10. 
However, when filaments are present, the salt concentration distribution can 
becomehighly complex. The prediction ofsystem performanceand concentration 
polarisation (CP) understanding in the actual systems, knowing the intricacies 
of the concentration profile in the feed channel with filaments is critical. The 
salt content profile in a channel section is depicted in Figure 5.11. Under the 
same operating conditions, the salt concentration in the low-velocity zones 
directly in front of and behind the filament increased significantly in contrast 
to that in an empty channel; nevertheless, the salt concentration decreased 
near the other membrane facing the filament. Because wall concentration 
decreases and increases in different regions in the affected area compared to 
an empty channel, the effect of the filaments on the overall recovery rate is 
complex, i.e., the recovery rate may increase, decrease, or remain unchanged 
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Figure 5.10 Salt concentration profiles in an empty feed channel. 
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Figure 5.11 Salt concentration profiles in a feed channel with a 0.5 mm x 0.5 mm filament 
attached to a membrane at y 20. 


when compared to an empty channel. The outcome is determined by various 
operating conditions, feed channel and filament configurations, and membrane 


characteristics. 


5.5.2 Effect of spacer filament geometry on velocity field and 
concentration polarisation 

This case study analyses the effect of different spacer filament geometry on the 
velocity and field concentration polarisation in RO module (Singh et al., 2022). 
The model combines mass transfer in the membrane with 5D Navier-Stokes 
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Figure 5.12 Different spacer filament geometry (a) cylindrical (b) diamond (c) pentagonal 
(d) triangular. 


equations for laminar flow. Four spacer filament geometries, viz. cylindrical, 
diamond, pentagonal and triangular, available as commercial net-type spacers, 
were used for the study (Figure 5.12). 


5.5.2.1 Velocity field 

The presence of spacers in the RO module produced an intermittent 
breakdown of the laminar flow and created a disturbance in the flow 
channel (Figure 5.15). A higher velocity region is present in space between 
the spacer and membrane wall because these regions are mostly affected by 
the fluid acceleration created by the spacers. Velocity magnitude contours 
superimposed with streamlines are also presented at a chosen z-x plane 
(perpendicular to the flow direction). Recirculation was observed when the 
fluid flowed over the spacers. 


5.5.2.2 Concentration polarisation 

The concentration distribution for the different spacer geometry-filled RO 
modules is shown in Figure 5.14. CP can be reduced by introducing the spacer in 
the channel because the spacer produces the fluid acceleration effect, increasing 
the shear stress near the wall. Among different spacer configurations, the 
channel containing cylindrical spacer filaments showed the highest CP. This was 
attributed to the low fluid acceleration due to the smooth cylindrical shape of 
spacer filaments, as discussed in the previous section. The channel containing 
triangular spacer filament showed the least CP due to enhanced fluid mixing 
and acceleration. The concentration boundary layer thickness was higher at the 
bottom side of the channel containing triangular spacer geometry. This was due 
to the triangular filament's flat base, which could not enhance mixing. Similar 
observations were made in earlier studies. 
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Figure 5.13 Velocity field and streamline for triangular spacer. 
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Figure 5.14 Concentration contour for different spacer filament geometry (a) cylindrical 
(b) diamond (c) pentagonal (d) triangular. 


5.6 SUMMARY 

Numerical simulation is one of the most efficient methods to study CP in 
real systems and optimise channel/module design. Mathematical models, 
particularly CFD, are widely employed in membrane-based water treatment 
plants. CFD flow modelling is used in module design to achieve optimisation 
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of hydrodynamic flow patterns to have higher flux from these systems. The 
application of CFD models to PoU water treatment systems is limited for various 
reasons. The mechanism of solution traversing membrane and rejection of 
solute is a complex phenomenon. Hence, a precise development and application 
of the model can precisely forecast the performance of the membrane, and 
time-intensive and complex alternate processes of optimising the system can 
be avoided. This chapter presents a simplified classification of transport models 
for the four types of membranes and the criteria influencing the type of water 
treatment models employed. 

The solution-diffusion model is the most accepted transport model for 
water molecules flowing across a polymeric membrane. Several hypotheses 
and models are presented in this chapter to select an appropriate model for 
membrane transport mechanisms. The models applied for each membrane may 
differ due to the differences in membrane characteristics. The outcome of the 
models are used in developing velocity field, concentration field and CP and 
simulation results were compared with experimental data. 


doi: 10.2166/9781789062724_0131 


Chapter ó 


Operation and maintenance of 
membrane-based point-of-use 
water treatment systems 


6.1 INTRODUCTION 


Sustainability or unhindered continuation of water treatment systems is 
primarily driven by interactions among factors linked to the environment, 
technology, and consumers. Although several examples of unsustainable 
community and household-based water treatment systems are installed by 
government and donor agencies, much less data are available to analyse factors 
related to sustainability (or otherwise) of mostly demand-driven PoU water 
treatment systems. Reduced performance of the PoU water treatment system 
affects consumers and does not serve the purpose for which it is installed. 
The performance of any water treatment system is directly related to proper 
operation, periodic maintenance, and improved monitoring, and the membrane 
process is no exception. 

Water is treated at the household's entry using PoE and PoU water treatment 
systems. PoE water treatment systems are deployed at individual consumer 
sites instead of purifying water before entering the reticulation (distribution/ 
network of pipes) system. As a result, each family or small communal unit will 
require one PoE water treatment system. Compared to centralised treatment 
plants, the lower capital cost is the main benefit of PoE water treatment 
systems. Because they are installed on-site, the treated water does not sit in the 
reticulation system for a long time, reducing contamination risk. However, the 
fundamental issue with PoE is that constant monitoring of water quality is not 
cost-effective. 

Rather than processing all incoming water to a household, the PoU water 
treatment systems are utilised to treat water at a single tap. These water 
treatment systems handle a limited amount of water and are typically installed 
beneath the kitchen sink, supplying only that tap with treated water. While 
a centralised water treatment plant is operated and managed by a dedicated 
organisation responsible for the operation, maintenance and performance 
monitoring, the PoU water treatment system needs to be managed and operated 
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by consumers. Consumers normally are not aware of the operation and 
maintenance (O&M) of centralised water treatment plants; however, they need 
to be aware of the operation and periodic requirements of PoU water treatment 
systems maintenance. Due to the availability of outsourcing agencies (usually 
agencies supplying and installing the PoU water treatment systems), periodic 
maintenance of these units is much easier. PoU water treatment systems can 
have operational failure and functional failures. Operational failures affect 
water flow from the systems; hence such failures can be detected immediately. 
In case of functional failures which cannot be detected early and easily, the 
system continues to operate, but contaminants are not effectively removed. 

PoU water treatment systems have emerged as a complementary alternative to 
centralised water treatment plants for households, commercial establishments, 
educational institutions and small communities. The maintenance of PoU 
water treatment systems is not adequately defined and regulated. Technical and 
commercial management of PoU water treatment systems can be categorised 
as follows: 


* planning and development 

* design and fabrication 

e installation 

* Operation 

* maintenance and performance monitoring 


The planning, development, design, and installation mechanism is relatively 
well established. The commercialisation of PoU water treatment systems has 
brought market-driven factors that contribute to improved consumer awareness 
about the operation. 

Commercially available membrane-based PoU water treatment systems 
include a wide range of options. Consumers frequently install these water 
treatment systems and then use them for years without ever checking the 
water quality. However, most PoU water treatment systems have a limited 
lifespan, making them unreliable after extended use. To ensure that they work 
properly and that the water is safe to drink, they must be maintained regularly. 
Furthermore, because PoU water treatment systems are exclusively installed 
in the kitchen, consumers should be aware that they depend on PoU water 
treatment systems to meet their drinking and cooking water demands. They 
cannot drink the water from any other sources without compromising their 
health. There is a rational change in the use of PoU water treatment systems in 
developing countries, and people who can afford them are demanding systems 
which can remove almost all the contaminants. Considering such requirements 
and improved awareness about water contamination and adverse health 
effects, demand for PoU water treatment systems, particularly those based 
on membrane processes, is steadily rising. Moreover, many variants are being 
increasingly offered by manufacturers and vendors. Some developing countries 
consider membrane-based PoU water treatment systems to be synonymous with 
PoU water treatment systems. The main concerns about PoU water treatment 
systems are whether they will be able to provide safe water continuously and 
health concerns associated with failing to purify all incoming water to a home. 
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The efficient O&M of membrane-based PoU water treatment plants is 
essential for all these requirements. 


6.2 OPERATION AND MAINTENANCE RELATED CHALLENGES OF 
POINT-OF-USE WATER TREATMENT SYSTEMS 


O&M related aspects of these systems have also considerably improved as 
consumers demand continuous operation and willingness to pay. Water 
supplied to households may contain compounds such as suspended solids, 
microorganisms, organics, and minerals, particularly in developing countries. 
Regular maintenance of any membrane-based PoU water treatment system is 
essential to prolonging the system's life and ensuring the best performance. The 
filters (pre- and post-treatment) in the membrane-based PoU water treatment 
system must be replaced regularly. The period between filter replacements 
is determined by the volume, quality, and concentration of contaminants in 
the water to be treated. The contaminant concentration, membrane rejection 
percentages, and removal efficiency influence filter replacement. Replacement 
intervals can be determined with the help of manufacturers and dealers. 
Common issues requiring periodic maintenance are discussed in subsequent 
subsections. 


6.2.1 Clogging of the pre-treatment unit 

Water first passes through a pre-treatment unit to preserve the sensitive 
membranes (component). This pre-treatment unit (normally in the form of a 
cartridge in PoU water treatment systems) is designed to filter out suspended 
solids. Pre-treatment of the feedwater to membrane-based PoU water treatment 
system can minimise fouling of the membrane and thereby increase the 
system's overall recovery rate. The feedwater may contain suspended and 
dissolved solids. Suspended particulates can settle on membrane surfaces, 
obstructing feedwater channels and increasing system friction losses. Scaling 
can occur when dissolved materials precipitate out of the water. Pre-treated 
water entering the RO system might impair the RO pump's efficiency, resulting 
in higher energy consumption. Another purpose of pre-treatment is to reduce 
chlorine concentration in feedwater which otherwise can spoil the membrane 
(McMordie et al., 2013). 

Activated carbon and its derivatives are mainly used for pre-treatment. GAC 
and carbon block filters are commonly used for pre-treatment in membrane- 
based PoU water treatment systems. 

The main operational challenge with water treatment is granular medium 
clogging, which results from the accumulation of various types of materials 
that reduce the media's infiltration capacity. Contaminated solids, microbial 
activity etc. influence total solids accumulation in granular media. Granular 
media clogging is a natural and progressive process; therefore, some degree 
of clogging is unavoidable. When a membrane-based PoU water treatment 
system receives highly turbid water, pre-treatment units become overloaded 
with suspended solids. They quickly clog and require frequent washing. The 
finer the filter, the more particles are trapped. Thus, the filter must be replaced 
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more frequently. The filter can easily clog if the pore size of the filter media is 
too small or the density of suspended solids in the untreated water is too high, 
and it will need to be replaced frequently. On the other hand, suspended solids 
may flow through the water treatment system if the pore size is too large. This 
can decrease output and degrade the quality of treated water. However, the 
issue emerges when advanced blockage limits treatment efficiency and severely 
shortens the system's lifespan. 


6.2.2 Clogging/fouling of membranes 
The membranes of the PoU water treatment system can clog by several factors 
described in subsequent sub-sections. Water flow in the system might reduce 
due to clogging of the membranes, resulting in poor system performance. 
Fouling is defined as the accumulation or adhesion of retained particles, 
colloidal particles, macromolecules, salts, and other contaminants on the 
surface of the membrane and/or agglomeration in the pores, resulting in partial 
or entire obstruction of the pores and a steady drop in flow (Figure 6.1). The 
different ways the pores get blocked are determined by the size and type of the 
solute in relation to the membrane's pore-size distribution. The likelihood of 
creating a deposit on the membrane surface increases permeation resistance 
when single macromolecules or groups partially seal holes. Internal pore 
blockage occurs when substances are accumulated or adsorbed on the 
membrane pores' interiors, decreasing the space accessible for permeate flow. 
When particles (larger than the membrane pores) accumulate over the surface 
of the membrane and obstruct them, complete blockage of the pores occurs. 
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Figure 6.1 Membrane fouling. 
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Flux, recovery, pre-treatment, chemical cleaning, and, in the case of low- 
pressure membranes, hydraulic backwashing are all operational factors that 
influence membrane fouling. 

Fouling, unlike concentration polarisation, which is a reversible 
phenomenon independent of the operational time of the membrane-based 
systems, is an irreversible phenomenon that is time-dependent. Fouling occurs 
when contaminants collect on the surface or in the pores of a filter membrane 
(Pandey et al., 2012). Foulants (disruptive chemicals) block water passage 
across the membrane, increasing hydraulic resistance and energy consumption 
and possibly causing damage to the membrane and other system components. 
Major types of membrane foulants include: 


* Particulate and colloidal fouling 
* Scaling/inorganic/precipitation fouling 
* Organic or biological fouling 


Fouling can be reversible, such as when a simple washing can expel the 
foulants and restore full function to a membrane, or irreversible, such as 
when foulants chemically bond with the membrane material and permanently 
degrade its performance. Fouling has been described as a reduction in the active 
area of the membrane, resulting in a reduction in flux below the membrane's 
theoretical capacity for the given driving power. This is true if the pores are 
obstructed or blocked, but a cake layer on a membrane's surface is a resistance 
in series with the membrane resistance. Two types of chemicals cause problems: 
those that damage the membrane and pollute it. Because a fouled membrane 
must be cleaned, harm to the membrane may occur if caution is not exercised 
during the cleaning process (Yu et al., 2017). Fouling during filtering has a clear 
detrimental impact on the economics of any membrane process; thus, it must be 
recognised, and precautions are taken to limit the consequences. Fouling can 
be severe in MF and UF, with the process flow often being less than 5% of the 
pure water flux (Field, 2010). 


6.2.2.1 Types of fouling 

6.2.2.1.1 Particulate and colloidal fouling 

Colloidal fouling refers to particles of diameters ranging from 10 nm to 1 um 
(Ismail et al., 2018). Large proteins and viruses are frequently distinguished 
on the smaller end of the spectrum. Inorganic colloids include silicate 
minerals (including clays), iron and aluminium oxide particles, and silt. Humic 
material aggregates, cell fragments, and biopolymers, essential components of 
extracellular and intracellular polymeric substances such as polysaccharides 
(carbohydrates) and proteins, make up organic colloids. They are both capable 
of clogging membranes. 

The rate of coagulation is mostly determined by colloidal stability. The 
colloidal stability is influenced by two key factors: salt content and pH. Stronger 
colloidal stability represents the surface charge of the colloidal components in 
the feed water. Ion-exchange softening and pH modification are two methods 
for increasing colloidal stability. When the stable colloidal’s crossflow velocity 
reduces momentarily through the membrane (mainly UF), the starting flux is 
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being recovered with an increased flow velocity again; however, the flux is not 
recovered while processing an unstable colloidal dispersion. When the trans- 
membrane pressure is momentarily elevated, the reaction is comparable. When 
the pressure is reduced, the stable feed water flux returns to its original value, 
whereas the flux of an unstable colloid solution decreases. When treating 
unstable colloidal dispersions, extreme caution must be exercised to ensure 
that the operating circumstances remain constant, whereas stable solutions' 
reversible flux behaviour allows for changes in the operating conditions. 


6.2.2.2 Scaling/inorganic/precipitation fouling 

The accumulation of crystalline salts, oxides, and hydroxides in the feed water 
causes scaling, also known as inorganic or precipitation fouling. Membrane 
scaling arises when soluble particles precipitate from the water and accumulate 
on the membrane's surface or clog in its pores. The accumulation of particles 
on a membrane that causes it to clog is called scaling. Because the membranes 
need to be cleaned more frequently due to scaling, they would use more energy 
and have a shorter life expectancy. The nominal flow is reduced as a result of 
scaling. The disadvantages include increased energy consumption, increased 
cleaning frequency, and a shorter membrane life span. When a solution becomes 
increasingly concentrated against the feed side of the membrane and eventually 
exceeds the feed water saturation threshold, ionic constituents fall out of the 
feed water and crystallise and/or bind to the surface of the membrane, causing 
precipitation fouling. Scaling is a concern for RO/NF systems with high 
conversion rates, particularly when the feed stream contains high calcium or 
magnesium concentrations. 


6.2.2.1.3 Organic fouling 

Biofouling or organic fouling (abiotic), whereas fouling induced by organic 
matter formed from microbial cellular detritus is abiotic biofouling. Figure 6.2 
depicts the steps involved in biofouling. Biofouling is the membrane process's 
‘Achilles heel’ because the microbes can grow over time even after removing 
99.9% from feedwater. After the removal of 99.99%, there might be sufficient 
cells available to grow the microbes at the expense of biodegradable substances 
available in the feed water (Nguyen et al., 2012). When bacteria attach to 
the membrane, they proliferate and digest the nutrients provided, eventually 
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Figure 6.2 Steps in the organic fouling. 
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producing a biofilm when cell density reaches a crucial level. Biofouling has 
been identified as a key contributor to more than 459/ of all membrane fouling 
and has been described as a significant issue in NF and RO membrane filtering. 

Biofouling degrades the efficiency of membranes and necessitates costly 
cleaning techniques to eliminate biofilms. The impact of biofilms on plant 
performance is related to the biofilm's structure and content. Microorganisms, 
particularly bacteria, are the primary cause of biofouling, and because bacteria 
are extremely versatile, they can colonise practically any surface under extreme 
conditions such as temperatures ranging from —12°C to 110°C and pH values 
ranging from 0.5 to 15 (Maddah and Chogle, 2017). 


6.2.3 Failure of post-treatment 

Post-treatment is common in RO membrane-based PoU water treatment 
systems. As explained earlier, the RO membrane can remove almost all the 
constituents from water. A minimum level of dissolved solids (mineral content) 
can be achieved in treated water by (a) bypassing part of feed (raw) water 
after disinfection (the most preferred option is UV disinfection) and adding to 
permeate (b) by addition of chemicals. 

UV lamps and other components such as quartz glass tubes can get damaged 
for several reasons affecting the efficiency and function of the UV disinfection 
unit. If the second option of maintaining dissolved solids is exercise, chemicals 
continuously added to permeate can get exhausted. 


6.2.4 Non-functional sensors 
Various sensors are being installed in PoU water treatment systems to indicate 
the system's functioning. LED indicators are normally used in these systems. In 
addition, flow rate indicators are also provided, and any reduction in flow rate 
is also indicated in the system. Reduction in flow due to several reasons, such 
as clogging of GAC/carbon filters, is also indicated using these sensors. These 
sensors help even in recognising the need for maintenance of the system. 
Failure of PoU water treatment system sensors for any reason is also a 
possibility. Failure of these sensors/indicators can adversely affect the system's 
functioning. This may result in possible skipping of maintenance of any 
component of PoU water treatment systems, which otherwise could have been 
done had the sensors been working. 


6.3 PREVENTIVE MAINTENANCE OF MEMBRANE-BASED POINT-OF- 
USE WATER TREATMENT SYSTEMS 


PoU water treatment systems come with various treatment options, including 
filtration, disinfection, and desalination with RO membranes. As a rule of 
thumb, membrane-based PoU water treatment systems normally have only 
one stage. A generic but elaborate schematic of a membrane-based PoU water 
treatment system is shown in Figure 6.5. Without going into depth about each 
stage of the RO process (because the number of stages varies by model), basic 
maintenance information that applies to most membrane-based PoU water 
treatment systems is discussed in subsequent subsections. 
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Figure 6.3 Membrane-based PoU water treatment system. 


Processes detailed in this section apply to membrane-based water treatment 
plants (including large plants) and may not be used in situ (at the PoU water 
treatment system). However, maintenance processes detailed in subsequent 
sections should generally be used either at the site of PoU water treatment, or 
individual units can be taken to centralised facilities for inspection/cleaning. 
Due to longevity and reduction in the cost of PoU water treatment systems 
components, replacement is now preferred over repair/cleaning as this may 
take a longer period, and the component's performance is also likely to get 
affected. 

Preventive maintenance is a prerequisite for improving PoU water treatment 
system performance like any other system. Because these systems have matured 
over the years, operation failures are fairly well-known. Sensors and indicators 
have also improved these systems’ functioning and increased life. Moreover, 
the failure of these systems is often predictable, and preventive maintenance 
is fairly routine. An emergency can be prevented with periodic maintenance 
of membrane-based PoU water treatment systems. We can identify problems 
with regular inspections and avoid stoppage of the system, water quality 
concerns, damage to the components, or costly damage. Consequently, repairs 
of the systems could be the replacement of components such as membranes 
or pre-treatment filters. Hence, preventive maintenance has become essential 
in properly operating and maintaining membrane-based PoU water treatment 
systems. 

Installation of the PoU water treatment system should be properly 
undertaken to avoid any possible O&M problems later. Most PoU water 
treatment systems have detailed instructions for installing the system, 
possibly the most important step in the entire process. Plumbing to a water 
source is also an important installation step and needs to be carefully 
executed. There is no significant skill required to operate a membrane-based 
PoU water treatment system. Operators' manual is available with most of the 
systems, and vendors normally explain the operation of these systems during 
the system installation. 

Following components are provided for preventive maintenance of PoU- 
based water treatment systems by some manufacturers. 
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* Flushing system: Flushing at regular intervals keeps the surface of the 
membrane clean and offers longer life. So, automatic flushing systems are 
included in the system. 

* Tanklevel control: After the tank is filled, the system needs to be shut off. 
The solenoid valve is used to control the level in the tank. When the tank 
is full, this gives the signal to the booster pump to stop. 

* Microcontroller: All automatic functions like flushing of RO membrane 
at regular intervals. Tank level control is controlled by a microcontroller. 

* SMPS power supply - It gives constant voltage output even at variable 
input AC voltage and voltage fluctuation. All water purifiers select SMPS 
power supply. 


6.3.1 Maintenance of pre-treatment unit 

Since membranes are sensitive to fouling, pre-treatment of the feed is necessary 
to prevent colloidal, chemical, and biological fouling and scaling. The treatment 
plan must control membrane fouling to the point where a reasonable cleaning 
frequency may be attained. A variety of pre-treatment procedures are now 
employed for low-pressure membranes. 

It is observed that pre-treatment units consisting mainly of cartridges and 
PAC filter often gets chocked and need to be physically cleaned using water. 
GAC filters can be washed, and the flow rate can be improved by periodical 
cleaning with treated water. Carbon block filters are currently replaced after 
exhaustion as the manufacturers supply these filter blocks separately. Every 
6-9 months, this pre-treatment unit should be replaced. The pre-treatment unit 
can foul or become clogged if not properly maintained or changed regularly, 
rendering it unable to protect the RO membranes. These systems are compact 
and normally sealed, making them difficult to open, and replacement is the 
only option. 


6.3.2 Maintenance of membrane unit 
Maintenance of membrane-based PoU water treatment system can be 
accomplished by pre-treating the feed to reduce its fouling potential, enhancing 
the antifouling characteristics of the membranes, increasing membrane 
cleaning and backwashing conditions, and optimising operating parameters. 
There are three signals which indicate that membrane-based (particularly 
RO) water treatment systems require maintenance, viz. low water pressure, 
odour, colour or taste in water and continuous constant flow at the outlet of the 
PoU water treatment system. These signals can easily be noticed if sensors or 
indicators are not provided on PoU water treatment systems. 


* Low water pressure can easily be realised if the volume of water dispensed 
through the system is low and pressure is considerably reduced. This can 
happen due to multiple reasons, and clogging of pre-treatment is the 
major reason. Blockage of membrane might also be another reason for 
low pressure. 

* Treated water from membrane-based PoU water treatment system has 
typically no perceivable odour, taste or colour and the presence of any 
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of these attributes often indicates the necessity of maintenance of the 
systems. If treated water smells of chlorine, the pre-treatment unit or 
membrane requires replacement. Chlorine can damage the membrane 
instantaneously. 

* Continuous constant flow at the PoU water treatment system outlet 
may indicate physical damage to the membrane, and water is flowing 
out almost at the same flow rate. It also means that the pre-filter is not 
performing its function and may require immediate replacement. 


The membrane-based PoU water treatment system can be disinfected 
regularly with the manufacturer's recommended products. It is feasible to clean 
and renew the membrane if membrane fouling is recognised early; the approach 
depends on the kind of membrane and fouling. Membranes that are completely 
blocked or torn must be replaced. Damaged RO membranes, on the other hand, 
are difficult to identify. Treated water can be tested periodically to see if the 
membrane is still intact and working properly. Many systems have a monitor/ 
indicator that displays a high TDS content or insufficient TDS rejection, which 
is one sign of improper operation. Pre-treatment of the water using a softener 
can extend the membrane's life in cases when the water is relatively harsh. 

Many systems are designed with an auto-flush restrictor that automatically 
flushes the membrane-based (RO) water treatment system for 30-45 s at the 
start and once every hour/2 h when the system is in operation. 


6.3.2.1 Membrane unit cleaning 

Flushing or chemical techniques such as improved backwashing can remove 
fouling compounds. Cleaning operations are defined as either cleaning in place 
(CIP) or chemical cleaning offline (or soaking). CIP cleaning involves the 
membrane module cleaning without removing it from the installation, whereas 
off-line cleaning involves removing the module from the system and immersing 
it in a chemical. 

Membrane cleaning entails transferring large amounts of chemicals to the 
fouling layer and returning the reaction products to the bulk liquid phase. 
As a result, hydrodynamic conditions must be created during cleaning that 
encourages contact between cleaning agents and fouling compounds. Dynamic 
cleaning, which involves circulating cleaning solutions throughout the system, 
can be more effective than static cleanings, such as soaking, in mass transfer. 
The frequency of cleaning the membranes has been projected from process 
optimisation. A cleaning process can be optimised in order for: 


* Enhancing or sustaining cleaning efficiency, 

* Minimising chemical, water, and energy usage, and 

e Reducing the waste effluent impact on the environment. Typically, 
optimisation is investigated by modifying one chemical or physical 
condition at a time. 


Cleaning, however, involves several parameters due to the complicated 
nature of the contamination, including process sequence, temperature and pH 
of the solution, the quantity of the chemicals, hydrodynamic conditions and 
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cleaning duration, among others. According to the one-parameter-at-a-time 
strategy, a thorough understanding of a membrane application requires many 
trials to cover all parameters. 

However, membrane cleaning is often carried out ex-situ by taking spent 
membranes to centralised facilities instead of carrying them outin the household. 


6.3.2.1.1 Choosing type of cleaning 

The requirements for various cleaning procedures are based on the process. 
The order in which these stages are completed impacts the overall cleaning 
effectiveness. Backwashing followed by forward flushing, for example, is more 
successful than the other way around. Backwash could dislodge otherwise 
difficult-to-reach foulants in the pores, with forward wash then helping in their 
removal from the stream. To efficiently remove macromolecular and mineral 
foulants, an alkaline cleaning followed by an acid stage is often used in the 
dairy and surface water sectors, respectively. Forward flush, backward flush, 
and air flush are three distinct membrane cleaning methods (www.lenntech. 
com/membrane-cleaning.htm). 


6.3.2.1.1.1 Forward flush 

Feed water or permeate is used for flushing the membranes forward when using 
forward flush. The water or permeate flows through the system at a faster rate 
during the feed water or permeate flow phase than during the production phase. 
As a result of the quicker flow and turbulence, particles that the membrane 
has absorbed are freed and ejected. Particles absorbed through membrane 
perforations are not allowed to escape. The only method to get rid of these 
particles is to flush them backwards. 

When the forward flush is utilised, the barrier responsible for dead-end 
management in a membrane is opened. The membrane performs crossflow 
filtering for a brief period without creating the permeate. The purpose of a 
forward flush isto generate turbulence to remove a built-up layer of contaminants 
from the membrane. A substantial hydraulic pressure gradient is necessary for 
forward flushing. 


6.3.2.1.1.2 Backward flush 

The permeate is pushed into the feed water side of the system under pressure, 
providing double the flux used during filtering. A chemical cleaning approach 
might be applied ifthe flux has not completely repaired itself after back flushing. 
When a backward flush is utilised, the membrane's pores are flushed from the 
inside out. The pores are cleansed because the pressure on the permeate side of 
the membrane is larger than the pressure inside the membranes. 

A backward flush is carried out at a pressure around 2.5 times higher than 
the output pressure. Permeate is always used for a backward flush because 
the permeate chamber must always be free of pollution. Backward flushing 
causes a reduction in process recovery. As a result, a backward flush must be 
completed in the quickest time feasible. However, the flush must be maintained 
going long enough to flush a module's volume at least once. A backward flush is 
a filtration procedure that reverses the direction of filtration. 
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6.3.2.1.1.3 Air flush or air/water flush 

The so-called air flush or air/water flush is a modern cleaning method. This is 
a forward flush that involves injecting air into the supply line. The use of air 
(while the water speed remains constant) creates a significantly more turbulent 
cleaning method. Fouling on the membrane surface must be eliminated as 
thoroughly as possible during reverse flush. The air flush, which Nuon created 
in collaboration with design hourly volume and crossflow, has proven to be 
quite effective in this process. 

Air flushing is flushing the inside membranes with a mixture of air and water. 
When you add air to the forward flush during an air flush, air bubbles form, 
which increases turbulence. As a result of the turbulence, fouling is removed 
from the membrane surface. Compared to the forward flush, the air flush uses 
less pumping capacity throughout the cleaning process. 


6.3.2.1.1.4 Chemical cleaning 

During a chemical cleaning process, membranes are immersed in a solution of 
chlorine bleach, hydrochloric acid, or hydrogen peroxide. The solution soaks 
for a few minutes in the membranes before being flushed out with a forward or 
backward flush to remove the contaminants. 

Chemical cleaning of the membranes is required when the earlier methods 
fail to reduce the flow to an acceptable level. Chemicals like hydrogen chloride 
(HCI) and nitric acid (HNO;), as well as disinfectants such hydrogen peroxide 
(H,O,), are added to the permeate during reverse flushing. Once the entire 
module has been filled with permeate, the chemicals must soak in. After the 
cleaning chemicals have thoroughly soaked in, the module is flushed and 
eventually put back into production. 

Cleaning techniques are frequently mixed. For example, pore fouling can be 
removed with a backward flush, followed by a forward or air flush. Many factors 
influence the cleaning process or strategy employed. The most appropriate 
methods are discovered by trial and error (practice tests). 


6.3.2.1.2 Parameters for cleaning operation 
Cleaning is frequently only partially effective, particularly when flow channels 
are obstructed and huge portions of the elements are inaccessible to the 
recirculating cleaning solution. As a result, the use of innovative antiscalants 
and antifoulants and sufficient pre-treatment and pilot testing of cleaning 
processes created during the pilot testing stage should reduce or eliminate the 
need for cleaning. When cleaning is required during operation, it should be 
done as soon as possible after fouling has occurred. 

Membrane manufacturers and practitioners generally agree that RO systems 
should be cleaned before the following performance changes occur: 


* A 10-15% reduction in normalised permeate flowrate. 
* A 10-15% increase in differential pressure. 
* A 1-29/ reduction in salt rejection. 


If a cleaning technique fails to fully restore system performance to the 
reference RO system startup values, the same cleaning procedure will certainly 
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result in a faster reduction in system performance and a greater cleaning 
frequency in the future. As a result, it is critical to address two issues at this 
time: 


e Develop a better cleaning process, and 
* Look into possible pre-treatment improvements to avoid membrane 
fouling. 


Cleaning and process improvement activities should be continued until the 
RO performance is stable. Even with well-piloted and constructed RO plants 
that run well at first, the source water quality will invariably vary with time. 
Changes in equipment and personnel impact performance, necessitating 
constant vigilance and readiness for the plant's continuous improvement. 


6.3.2.1.2.1 Choosing cleaners 

Membrane manufacturers currently propose certain sorts of cleaning agents. 
Some are commercial chemicals, while others are proprietary cleaners. The 
membrane must be cleaned chemically to regain the majority of its permeability. 
When flushing and/or backwashing fail to restore the permeate flux, chemical 
cleaning is used. Chemical cleaning normally has a larger chemical dose than 
enhanced backwashing, and chemical cleaning is usually done less frequently 
(approximately once a week). Furthermore, enhanced backwashing can be 
automated due to its off-line operation, whereas chemical cleaning requires 
manual effort. It is critical to choose the right chemical cleaning agents, use 
them under the right conditions, and understand how they work. Cleaning 
agents are often chosen based on the sorts of foulants present. 

Various generic chemicals are advised for blending at the site where 
major membrane manufacturers make cleaning solutions for five categories 
of foulants: acid-soluble foulants, bio-film/bacterial slime/biological matter, 
carbon-containing oils/organic matter, dual organic and inorganic coagulated 
colloids, and silica and silicates are the five categories of foulants. 

Commercially available booster cleaners are offered to improve the efficiency 
of the generic cleaners prepared on site. Chemical companies that specialise 
in RO operations offer a wide range of unique RO membrane cleaners for 
convenience and technical assistance. When generic cleaners fail to meet 
expectations, proprietary cleansers and cleaning support are available. 


6.3.2.1.3 Cleaning procedure 
There are six steps in the cleaning of membrane elements in place in RO 
(membrane)-based water treatment systems: 


1 Mix cleaning solution. 

2 Low flow pumping 
To displace the process water, pump preheated cleaning solution 
to the vessels at a low flow rate (approximately half of that given in 
Table 6.1) and low pressure. Use only enough pressure to compensate 
for the pressure drop from feed to concentrate with the RO concentrate 
throttling valve entirely open to decrease pressure during cleaning. The 
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Table 6.1 Recommended re-circulation flow rates during cleaning. 


Feed Pressure* Element Feed Flow Rate per 
(kPa) Diameter (m) Vessel (m š h!) 
158-414 0.0508 (2 in) 0.68-1.14 

0.1016 (4 in) 1.82-2.72 

0.1524 (6 in) 3.64-4.54 

0.2032 (8 in) 6.81-9.09 


Source: Ning (2012). 
*Dependent on the number of elements in the pressure vessel. 


pressure should be low enough to prevent the formation of permeate. 
Low pressure reduces dirt re-deposition on the membrane. 

Recirculate 

A cleaning solution will be present in the concentrate stream after the 
process water has been displaced. Allow the temperature to settle before 
recirculating the concentrate to the cleaning solution tank. 

Soak 

Turn off the pump and let the elements soak. A soaking period of roughly 
1 h is sometimes sufficient. An overnight soaking duration of 10-15 h 
is beneficial for foulants that are tough to clean (Ning, 2012). Use a 
slow re-circulation rate to maintain a high temperature for an extended 
soaking period (about 10% of that shown in Table 6.1). 

High flow pumping 

Feed the cleaning solution for 30-60 min at the rates listed in Table 
6.1. The high crossflow rate flushes out the foulants removed from the 
membrane surface by cleaning with limited or no permeation through the 
membrane to avoid foulant compacting. If the elements are significantly 
clogged (which should not be the case), a flow rate 50% greater than 
given in Table 6.2 may help with cleaning. Excessive pressure drop may 
be an issue at greater flow rates. The maximum pressure drop used is 
138 kPa per element or 414 kPa per multi-element vessel, whichever is 
more restricting. 

Flush out 

Unless there are corrosion issues, such as seawater corroding stainless- 
steel pipelines, pre-filtered raw water can be used to flush away the 
cleaning solution. The minimum flush temperature is 20°C to avoid 
precipitation. 


6.3.2.2 Anti-foulant chemical design 

Membranes that have become fouled require physiochemical treatment, reducing 
membrane lifespan and increasing overall operational costs. Scaling, particle 
fouling, and microbiological fouling - the three types of fouling mechanisms 
outlined above - are all covered by the term antifoulant in its broadest sense. 


O&M of membrane-based PoU water treatment systems 


145 


Table 6.2 Recommended troubleshooting steps for membrane-based PoU water 
treatment systems (www.purewaterproducts.com). 


Symptoms 


Low inlet 
pressure 


Low 
permeate 
flow 


High 
permeate 
flow 


Poor 
permeate 
quality 


Membrane 
fouling 


Possible Causes 


Low supply pressure 
Cartridge filters plugged 
Solenoid valve malfunction 


Motor may not be drawing 
correct current 


Concentrate valve might be 
damaged 


Leaks 

Low inlet flow 

Cold feed water 

Low operating pressure 
Defective membrane brine seal 
Fouled or scaled membrane 
Damaged product tube o-rings 
Damaged or oxidised membrane 


Exceeding maximum feed water 
temperature 


Low operating pressure 
Damage product tube o-rings 
Damaged or oxidised membrane 
Metal oxide fouling 


Colloidal fouling 


Scaling (CaSO,, CaSO,, BaSO,, 
SiO.) 


Biological fouling 


Organic fouling 
Chlorine oxidation 


Abrasion of the membrane by 
crystalline material 


Corrective Action 


Increase inlet pressure 
Change filters 
Replace solenoid valve and/or coil 


Use clamp-on amp meter to check the 
motor amp draw. 


Replace needle valve 


Fix any visible leaks 

Adjust concentrate valve 

See temperature correction sheet 
See low inlet pressure 

Inspect and/or replace brine seal 
Clean membranes 

Inspect and/or replace 

Replace membrane 

See temperature correction sheet 


See low inlet pressure 
Inspect and/or replace 
Replace membrane 


Improve pre-treatment to remove 
metals. Clean with acid cleaners. 


Optimise pre-treatment for colloid 
removal. Clean with high pH anionic 
cleaners. 


Increase acid addition and antiscalant 
dosage. Reduce recovery. Clean with 
acid cleaners. 


Shock dosage of sodium bi-sulphate. 
Continuous feed of sodium bi-sulphate 
at reduced pH. 

Chlorination and de-chlorination. 
Replace cartridge filters. 


Activated carbon or other pre- 
treatment. Clean with high pH cleaner. 
Check chlorine feed equipment and 
de-chlorination system. 

Improve pre-treatment. Check all 
filters for media leakage. 
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The Langelier saturation index (LSI) is a water balance measurement based on 
calcium carbonate saturation. It evaluates if the water is corrosive (low LSI), 
balanced, or scale-forming (high LSI) (Arnal et al., 2011). 


6.3.2.2.1 Scale control 

Antiscalants have been developed and employed in boiling water and cooling 
water chemistry and used in boilers, evaporators, cooling towers, and cooling 
systems. In RO membrane-based water treatment systems, anionic polymers, 
polyphosphates, and organophosphorus chemicals, also known as threshold 
inhibitors and dispersants, are utilised in sub-stoichiometric levels, usually 
in the range of 1-5 mg L^? concentrations. The crystallisation rates from 
supersaturated solutions are slowed, and crystal-packing orders are changed by 
binding to the surfaces of developing crystal nuclei. Although super-saturation 
of solutes in the water will eventually equilibrate through crystallisation, there 
will be little or no scale formation throughout the residence duration of the 
water in the system due to this mechanism. The residence duration is very 
brief (a few seconds), the concentration of seed crystals is minimal, and the 
temperature is consistent, making RO stand out among water conditioning 
systems. As a result, higher levels of super-saturation can be achieved without 
crystallisation. Limits of saturation and scaling rates, on the other hand, are 
difficult to model, quantify, and anticipate. Other organic or inorganic solutes 
in the water cause interference. 


6.3.2.2.2 Controlling colloidal fouling 

The work is much more difficult because of the range of potential foulants and the 
complexity of their interactions in the same water and with the membrane. The 
stability and agglomeration of colloidal particles are critical in both natural 
and industrial fluids. Antifoulant development is progressing gradually, based 
on basic colloidal science and testing of model foulants proposed by RO foulant 
analysis data. 


6.3.2.2.3 Controlling bio-fouling 

The literature on water purification systems is substantial. Much of the 
art and science discovered to be effective can also be applied to PoU water 
treatment systems. There are some factors unique to the RO system that 
should be mentioned. The thin, salt-rejecting polyamide or cellulose acetate 
barrier membrane must be chemically compatible with the chemicals used to 
sterilise and clean the system. The accumulation and exponential growth of 
microorganisms within the system should be avoided as much as possible. Pre- 
treatment of feedwater, proper upstream unit maintenance, continuous flow of 
water through the RO unit, a thorough monitoring and sanitisation programme, 
and the use of preservatives during downtime are all critical to this goal. 


6.3.2.2.4 Antifouling coating of membranes 

Coating the membrane with an antifouling material is one way to reduce 
membrane fouling. These coatings are designed to extend the period between 
membrane cleanings and improve flux recovery after cleanings. Antifouling 
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coatings adhere to the ‘Whitesides’ guidelines, which include making the 
membrane surface more hydrophilic (but not too hydrophilic), adding 
hydrogen-bond acceptors, eliminating hydrogen-bond donors, and maintaining 
an overall neutral electrical charge. These coatings are highly effective because 
they generate a thick hydration layer that prevents foulants from sticking to 
the membrane surface. It is critical to control hydrophilicity to avoid excessive 
surface free energies that attract foulants (e.g. aiming for a 35-45? water 
contact angle). 

Polyethene glycol (PEG)-based coatings are probably the most prevalent 
antifouling chemical. PEG-based coatings can be applied on membrane 
surfaces in a variety of methods. UV radiation or controlled radical grafting 
technologies such as atom transfer radical polymerisation can be used to graft 
PEG-based coatings to or from a membrane. Unreacted carboxylic acid/acyl 
chloride groups on the membrane surface can be linked with modified PEG. 
Physical adsorption, including dip-coating, can be used to apply PEG. On 
the other hand, PEG tends to deteriorate under standard membrane cleaning 
conditions, such as hypochlorite solution treatment. 


6.3.3 Maintenance of post-treatment 

Bypassisoften observed as the only post-treatment practised for remineralisation, 
which does not require much maintenance as only a small proportion of water 
is bypassed. In case specific chemicals are used, these chemicals are dosed in 
water to maintain concentrations of these minerals/dissolved solids in treated 
water. These chemicals (in solid form) are periodically checked visually and 
added if exhaustion of these chemicals is visible. 

An indicator/sensor is increasingly being used if a UV lamp is not properly 
functioning. Consumers can report if a UV lamp is indicated to be non- 
functional, and the replacement of a UV lamp remains the most viable option 
in most cases. Major manufacturers have devised their O&M strategy and 
trained crew for maintenance personnel. This personnel are provided training 
and sometimes training for periodic maintenance and repair. Maintenance 
and training are fairly standardised, and component replacement of the PoU 
water treatment system remains the major solution. Continuous disinfection 
systems either address an existing bacterial problem or protect against 
bacterial contamination in the future. Where the water enters the house, a 
UV steriliser or UV light is installed (PoE). UV light is more effective when 
the water is clear. Pre-treatment with water filtering is required to remove 
particles that could prevent UV radiation from killing germs. The lamp has a 
quartz sleeve that must be maintained clean, and the light must be replaced 
once a year. 

As chemical dosing is carried out automatically, exhaustion of these chemicals 
is automatically indicated. This indication helps in refilling chemicals. In the 
second arrangement, a small proportion of raw water after disinfection (UV 
treatment) is added to the treated water. As no moving part is involved in this 
arrangement, maintenance is limited to the life of the UV disinfection system. 
Two ways to carry out remineralisation and chemical consumption depend on 
the quantity of these chemicals added to treated water. 
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A carbon filter stage is commonly added to some membrane-based PoU 
water treatment systems to ‘polish’ the water at the end of the cycle. This stage 
removes any lingering flavours or odours from the water. Every 6-9 months, 
these carbon filters should be replaced. 


6.4 TROUBLESHOOTING OF POINT-OF-USE WATER TREATMENT 
SYSTEM 


Troubleshooting means a systematic approach to problem-solving and 
is often used to identify and rectify operational issues with any system. 
With the advent of software, sensor, indicator, and IoT enabled systems, 
troubleshooting PoU water treatment systems is much easier. Moreover, the 
cost of maintenance by a specialist mechanic by visiting a household is also 
very high, which prompted the development of an innovative or easy-to- 
maintain system. Instructions provided by manufacturers are easy to follow 
for troubleshooting any system. A visit to maintenance crew is only warranted 
if the fault/issue persists in the system, and it is not easy to troubleshoot the 
system even after scrupulously following the instructions. Recommended 
troubleshooting steps for these systems are presented in Table 6.2 (www. 
purewaterproducts.com). 

Preventive maintenance of PoU water treatment systems can be carried out 
by following the steps as narrated below. 


6.4.1 Consistently replace reverse osmosis pre-filters 

When a softening agent filters the RO intake, the softener's regeneration 
needs to be properly maintained. However, that can be hard if the consumer 
does not understand how either function. During the regeneration cycle 
of water softeners, if soft water is not produced, it implies that hard water 
minerals can pass through. Hence, the consumer must make sure the system 
is scheduled to regenerate during low usage hours. Generally, sediment and 
carbon pre-filters should be changed every 6-12 months to prolong the life 
of membranes. 


6.4.2 Test hardness of feed water 

To gauge how hard the RO unit is going to have to work to filter water, it is a 
good idea to test the hardness of the water feed. It should be monitored to check 
if RO maintenance needs to be revised due to changes in the water quality. 


6.4.3 Test pressure of feed water 
Since RO is a pressure-driven process, the membrane elements need a specific 
pump pressure to produce the proper product flow and rejection. Low inlet 
pressure results in a slow filling tank, more reject water and less quality drinking 
water. Regularly notating the pump pressure helps determine if a problem exists. 
If the pressure is 500 kPa or less, the pressure should be compensated. Even 
though the RO process can operate fine on usual local water pressure (400 kPa), 
they perform even better when a small pump is used to boost the pressure to 
400 kPa or higher. 
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6.4.4 Inspect feed water temperature 

The temperature of incoming water also impacts the way the RO unit performs. 
The ratings of membrane elements are based on 25°C source water. Hence, it 
can be expected that the product flow to be reduced by 1.5% for every degree 
the feed water falls under this ideal temperature. Seasonal inconsistencies can 
be addressed with additional membrane elements or bigger products. 


6.4.5 Test total dissolved solids of product water 

Another important step of RO maintenance is comparing feed water and RO 
filtered water. When a water test shows similar hardness, there is something 
wrong. High levels of TDS imply that the produced water consists of harmful 
contaminants. Drinking it can pose health risks and even cripple cells' ability 
to absorb water molecules. In other words, low TDS levels make it easier for the 
body's cells to hydrate. If more than 80% of TDS are flowing through, the RO 
membrane needs to be replaced. 


6.4.6 Test reject water 

The RO process produces two types of water: purified water (or the product) 
and RO-reject (wastewater). When pressure is faulty, or the filtration system is 
not working adequately, it will reject more water than it purifies. This is why it 
is important to monitor reject levels and flow rates. Again, any changes should 
be investigated. 


6.4.7 Replacement of membranes 

The membranes can last up to 5 years when the water source is not too hard 
(or softening is present), and RO maintenance is a priority. The user can also 
play a factor. A water source with high ionic levels will wear on the membrane 
element more than a lower ionic water supply. Hence, the membranes should 
be changed on time. 


6.4.8 Routine cleaning and disinfection 

The purification process will always leave accumulated foulants on the feed 
side. Low pH (2-4) or high pH (7.5-11) cleaners can be used to remove deposits 
on the membrane that bacteria can adhere to. However, it is always best to 
call professional service. While a thorough clean will certainly aid and extend 
performance, it will not kill the present bacteria. This is why it is far more 
ideal for disinfecting the system completely. Doing so regularly decreases and 
controls microbial levels throughout. 


6.5 SUMMARY 


O&M relatedaspects of PoU watertreatmentsystemshave considerablyimproved 
due to the demand of consumers to operate these systems continuously. Water 
supplied to households contains suspended solids, microorganisms, organics, 
and dissolved solids. Periodic maintenance of any membrane-based PoU water 
treatment system is vital for prolonging the system's life and ensuring optimal 
performance. 
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Withintensecompetition among PoU watertreatmentsystems manufacturers, 
maintenance of these systems is fairly well developed, emphasising preventive 
maintenance and troubleshooting. The membrane remains the most important 
component of these systems, and membrane fouling should be avoided. Due to 
several operational and economic reasons, it is now preferred to replace rather 
than repair the membrane. Failure of the systems is also considerably reduced 
due to improvement in manufacturing processes and optimised operations. 
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Chapter 7 


Techno-economic analysis of 
membrane-based point-of-use 
water treatment systems 


7.1 INTRODUCTION 


In most countries water is treated in centralised water treatment plants and 
transported and distributed to household's/collection points presuming 
that the distribution network remains intact and water of desired quality is 
delivered. The conventional water treatment plant is extensively used due to 
its significantly lower cost than other systems for centralised water treatment. 
Surface water remains the major water source for the conventional treatment 
plants for a community supply. Inorganic coagulants (such as aluminium 
sulphate and ferric chloride) are used in conventional plants and added to the 
raw surface water for the coagulation/flocculation process. Raw water passes 
through a cascade aerator before injecting the coagulant for natural aeration. 
The agglomerated flocks were introduced to the raw water and clarified or 
sedimented to separate the solids from the liquid. The final polishing is done 
with sand filters before the disinfection procedure begins. The disinfected 
water is then ready to be distributed to consumers as tap water. In the majority 
of the countries, disinfection is carried out using chlorination. 

However, the reality is often different, particularly in developing countries, 
and water quality is compromised due to various reasons. Similarly, it is 
also presumed that the economy of scales favours centralised treatment and 
distribution of water in densely populated areas in cities. Contrarily, several 
case studies and examples are clear evidence that these water supply systems 
fail to achieve such ambitious objectives of supplying safe water mainly due 
to non-technical reasons. The water supplied by centralised water treatment 
plants has often shown measurable pathogens and other pollutants. In addition, 
water gets contaminated during distribution from centralised water treatment 
plants to households, particularly at PoU. We have provided several references, 
particularly from developing countries, in Chapter 2, clearly indicating 
deterioration in water quality from the water treatment plants to households. 
It is reported that water quality significantly deteriorates between source and 
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stored water. The mean percentage oÍ contaminated samples at the source 
was 46% as against 75% samples in household storage water. Piped water 
supplies show significantly less contamination than non-piped water, primarily 
due to residual chlorine. This indicates that despite efficiently treating water 
in centralised water treatment even from protected sources, water can get 
contaminated during distribution to households. 

Moreover, improvement in water quality in centralised water treatment plants 
and subsequent transportation and distribution to households is an expensive 
proposition, considering that a very small fraction (only 3-5%) of household water 
is used for drinking and cooking. In addition, water supplied through a centralised 
system is used for commercial and, at times, industrial purposes making the actual 
use of water for domestic purposes even smaller. This brings forth an important 
question if water needs to be treated to the drinking water quality in a centralised 
water treatment plant or if other options such as PoU water treatment systems can 
be a better alternative to meet drinking water requirements. PoUs can be used to 
provide safe drinking water even from poor water quality sources. 

If managed by community contribution or recovery of water tariff, the water 
supply system often fails in developing countries. In addition, contaminated 
water sources are not amenable to conventional water treatment of coagulation- 
flocculation, and filtration also requires different treatment solutions. Many 
water sources in developing countries are not sustainable and fail more than 
reported earlier, particularly due to inadequate protection against chemical or 
microbial pollutants. In the sparse community in a rural setting and informal 
settlements such as slums in urban and peri-urban areas in developing 
countries, PoU water treatment systems remain the only cost-effective solution 
to safeguard against water supplied from unprotected sources. 

Engineering, economic and social factors like the cost of acquisition, 
operation, and maintenance of the treatment system or its energy requirement 
and social acceptance influence water treatment technology selection. In 
addition, water's chemical, microbiological, and physical characteristics also 
affect technology selection. There is a significant variation in the cost of water 
treatment from country to country and changes within a country, which largely 
depend on the following factors: 


* water demand 

* energy source and associated cost 

* raw water quality 

* country-specific/regional/local water quality standards 

* preference for local versus imported treatment technology 
e requirements (number) of water treatment units 


The PoU water treatment system market combines multiple technologies mainly 
driven by commercial factors. Deployment of a simple PoU water treatment 
system is now restricted to a rural setting, mainly driven by donor funding. 
Membrane-based PoU systems are largely employed in an urban setting, and 
many combinations are emerging in the global market. Aesthetics is also given 
importance in addition to water treatment technologies to attract consumers. 
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Conventional water treatment systems are considered multi-barrier, whereas 
most household treatment technologies are single barriers. However, certain 
PoU water treatment systems, such as membrane-based, perform better than 
conventional water treatment systems for pathogen removal. The economy of 
scale has a bias towards some technologies such as membrane-based water 
treatment systems, for example RO, which has the flexibility to provide water 
from households to large communities. Some of the treatment technologies can 
only treat a specific contaminant, such as fluoride or arsenic, making it difficult 
to compare the cost of these technologies. As it is impossible to provide water 
treatment costs for each country and contaminants, a range of the cost of water 
treatment is provided. 


7.2 COST-EFFECTIVENESS OF CENTRALISED WATER TREATMENT 
PLANTS 


In developing countries, the prevalence of waterborne diseases is high. 
Waterborne pathogens are assumed to be present even in treated drinking water 
provided by the distribution system. In addition, centralised (conventional) 
water treatment plants with conventional and advanced treatment technologies 
appear to be an expensive solution. 

According to a report published by CH2M Beca Limited (2010) for the 
Ministry of Health, New Zealand, the total capital cost for a medium-sized water 
treatment plant is 8 400 000 USD, with an annual operating cost of 180 000 USD 
(Moore et al., 2017). The cost of UV treatment, pH correction, and chlorination 
at a water treatment plant is between 220 000 USD - 390 000 USD. A membrane 
UF plant would cost up to 200 000 USD. According to a 2007 survey, in 
Canada, centralised water treatment plants’ operation and maintenance costs 
are 807 000 000 USD (Nelligan et al., 2015). A PoU system costs between 67 
and 318 USD to operate per year. It could cost a family ~1 200 USD to treat 
waterborne infections (Verhougstraete et al., 2020). 

The capital investment in rural water treatment plants has no realistic 
chance of being recovered. One of the major issues in guaranteeing the efficient 
operation and maintenance of big water treatment plants is a lack of technically 
skilled designers and operators. Although decentralised small-scale water 
treatment plants are thought to alleviate the problem of clean water supply, 
technical and economic challenges remain. The advent of such alternative 
technologies has been encouraged by the operational problems of conventional 
water treatment plants. Membrane-based systems have been the most popular 
choice for large-scale centralised water treatment plants. Polymeric membranes 
have become much less expensive due to economies of scale and improved 
manufacturing procedures. A big UF membrane system has a capital cost of 
around 6% higher than a traditional water treatment facility. 

Compared to these costs, PoU water treatment systems are much more 
feasible since they are considerably less expensive and reliably provide safe 
drinking water. Hence, it becomes beneficial to treat water on the consumers' 
end. PoU water treatment systems can serve as a cost-effective solution to 
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the risk of waterborne diseases. Most importantly, the PoU water treatment 
systems have a lower risk of water recontamination, thereby reducing the risk 
of waterborne diseases. Although most commercially available PoU water 
treatment systems require electricity or other resources, low-energy alternatives 
have also been developed. 


7.3 COST-EFFECTIVENESS OF POINT-OF-USE WATER TREATMENT 
SYSTEMS 


There are multiple studies available that measured a reduction in disease 
burden due to PoE and PoU water treatment systems. The growing market of 
membrane-based and other PoU water treatment systems creates opportunities 
for the water technology suppliers, particularly in developing countries, due to 
compromised water quality being supplied to the households. Thus, PoU water 
treatment systems remain a major solution for several reasons: poorly protected 
water sources, inefficient water treatment plants, leaking water distribution 
systems, intermittent water supply, and inadequate water safety in households, 
particularly in developing countries. 

Various systematic reviews have indicated that household PoU systems 
can improve public health substantially. Meta-analyses of water, sanitation, 
and hygiene interventions estimate that PoU water treatment systems can 
improve the drinking water quality by 30%-—40%, thereby reducing the 
users’ susceptibility to waterborne illnesses. PoU water treatment systems 
have been extensively employed for decades to improve drinking water 
quality at the consumer's end. Several studies highlight the disease reduction 
associated with PoU water treatment. Verhougstraete ef al. (2020) found 
that the disease burden caused by waterborne diseases is around 24.2 billion 
USD/year. The same study also found that the cost of installing PoU water 
treatment systems in the disease-prone households would be an 11.5 billon 
USD/year. Consequently, the healthcare cost would be reduced by 928 
million USD (Verhougstraete et al., 2020). Similarly, a study funded by Water 
Quality Research Foundation (WQRF) assessed the PoU water treatment 
system's effectiveness for lead removal. The cost-benefit analysis found that 
for every 1 USD spent to reduce lead hazards, there is a savings of 17-220 
USD to society. According to the study, the healthcare costs needed to treat 
lead exposure are 455 000 000 USD to the community. In comparison, 
installing a PoU water treatment system would only cost 11 100 000 USD 
(WQRE, 2021). 

Rogers et al. (2019) evaluated the cost-effectiveness of three PoU water 
treatment technologies (chlorine tablets, flocculent disinfection and ceramic 
filters. According to the study, chlorine tablets are the most cost-effective 
alternative, with a cost-effectiveness ratio of 24 USD, followed by flocculent 
disinfection (149 USD) and ceramic filters. In 2015, Ren ef al. conducted a 
study evaluating the sustainability and cost-effectiveness of ceramic filters. 
According to the study, Ceramic PoU technology is less expensive per family 
unit (FU) than a centralised water treatment system, but it also has higher 
cost-effectiveness when diarrhoea is reduced. The cost of the centralised water 
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treatment system per 1 FU was 221 USD, whereas, for the ceramic filter, the 
cost of delivering 1 FU was approximately 65 USD. These results indicate that 
the ceramic filters-based PoU water treatment systems are 5-6 times more cost- 
effective than the centralised water treatment system, and PoUs also exhibit 
better environmental performance (Ren et al., 2015). Holmes et al. (2010) 
investigated the preventive efficacy and cost-effectiveness of filtration-based 
PoU water treatment systems in a subacute care unit and found that the total 
patient care costs were reduced by 248 156 USD after installing PoU water 
treatment systems, and the care unit saved 17 100 USD. Overall, it is apparent 
from the studies that PoU water treatment systems can be an effective measure 
for preventing waterborne diseases. 


7.4 PoU WATER TREATMENT SYSTEMS MARKET DYNAMICS 


7.4.1 Driver: increasing water contamination 

Water pollution occurs when pollutants are dumped into water, directly 
or indirectly, without enough treatment to remove hazardous substances. 
Human activities’ most frequent water pollutants include microbial diseases, 
nutrients, heavy metals, persistent organic matter and suspended sediments, 
pesticides, and oxygen-consuming compounds. Heat can be a contaminant 
since it elevates the temperature of the water. Pollutants are the most common 
cause of significant water quality impairment. To decontaminate this water, 
various processes such as purification, disinfection, and chemical treatment 
are done before being supplied to various residential and commercial units 
for consumption. However, some pathogenic microorganisms and inorganic 
compounds remain in the water that PoU water treatment systems remove. 
Also, these water pollutants are increasing daily, and the water that needs to be 
treated boosts the PoU water treatment systems market. 


7.4.2 Restraint: high installation, equipment and operational cost 

Despite the numerous benefits of water treatment, the cost of installing PoU 
water treatment equipment is prohibitive. A water softener, for example, can 
cost between 2000 and 4000 USD to transform hard water into soft water. 
Installing a water softener necessitates the use of professionals and installers, 
resulting in significant installation expenses. Some of the PoU water treatment 
systems have substantial operating and maintenance expenses. Distillation 
systems, for example, utilise a significant amount of energy for both cooling 
and heating. Some Asian and African countries are particularly affected by 
these issues. Water distribution and storage infrastructure are also lacking in 
underdeveloped Asian and African countries. This could be a stumbling hurdle 
when installing PoU water treatment. 


7.4.3 Opportunity: scarcity of clean water in developing and 
underdeveloped countries 

Water scarcity affects some Asia Pacific countries, such as Bangladesh, Pakistan, 
Nepal, and most African countries, Nigeria, Ghana, and Ethiopia. Because these 
countries are poor and undeveloped, they lack the financial stability to provide 
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clean drinking water (www.marketsandmarkets.com/Market-Reports/point- 
of-use-water-treatment-systems-market-131277828.html). Diarrhoea, which is 
caused by contaminated drinking water, is responsible for 8.5% and 7.7% of all 
deaths in Asia and Africa, respectively, according to the WHO. According to 
the report, Argentina, Bangladesh, India, Chile, and Mexico drink water tainted 
with arsenic, which causes skin damage. 


7.4.4 Challenge: ageing infrastructure 

The majority of wealthy countries are confronted with the issue of ageing 
infrastructure. These countries constructed water treatment facilities decades 
ago and continue to employ outdated technology. Large sums of money will be 
required to rebuild and upgrade these ageing infrastructures. According to a 
US-based PoU water treatment system manufacturer, approximately 384 billion 
USD is needed to replace the existing water infrastructure. It further stated, 
‘America’s water infrastructure is nearly at the end of its useful life’. 


7.4.5 Counter-top units are the widely preferred device of point-of-use 
water treatment systems 

Counter-top units are projected to be the largest segment in the PoU water 
treatment systems market. Counter-top units are also known as on-counter 
filters. These filters sit on the counter and are directly connected to the faucet. 
They consist of a diverter, allowing users to switch between unfiltered and 
filtered water. Counter-top units operate on RO as well as activated carbon 
technologies. These filters reduce contaminants, such as bacteria, dirt, chlorine, 
particulates, rust, lead, mercury, sediment, copper, benzene, cadmium, and 
cysts. The significant advantage of counter-top units is that they do not require 
frequent filter changes. However, they require some plumbing. Counter-top 
units do not chill water, unlike pitcher water filters. 


7.4.6 Increased demand from the residential sector 

The residential sector is projected to be the largest PoU water treatment 
systems market segment by application. The residential application mainly 
encompasses PoU water treatment systems to produce potable water for 
domestic consumption. The residential water treatment application is expected 
to witness high growth due to the increasing need for treated drinking 
water, removing unpleasant taste, odour, discolouration, suspended solids, 
biodegradable organics, and pathogenic bacteria. 


7.4.7 Reverse osmosis is the most preferred point-of-use water 
treatment technology 

RO is projected to be the largest PoU water treatment systems market segment by 
technology. RO is a process of producing pure water through a semipermeable 
membrane, wherein the water is pumped at high pressure through this 
membrane, which separates inorganic minerals (such as radium, sulphate, 
calcium, magnesium, potassium, sodium, nitrate, fluoride, and phosphorous), 
organic compounds (including pesticides), and other impurities from water. 
Usually, RO systems are combined with a mechanical and activated carbon 
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Table 7.1 Country-wise cost of PoU water treatment 


systems. 

Country Cost (in USD) 
India 130-326 
Pakistan 110-140 
United States of America 200-1500 
Canada 150-800 
England 581-600 
New Zealand 100-325 
China 60-500 
Japan 241-600 
Germany 40-120 
France 50-130 
Spain 28-50 
Italy 42-60 
United Arab Emirates 50-440 
South Korea 30-70 


filter. The sand and large particles are removed by the mechanical tilter first, 
and then after passing through the RO unit, the water is moved through the 
activated carbon filter to remove organic compounds. The RO water purifier 
can be of various types, such as wall-mounted or tabletop and under-the-sink 
or under-the-counter RO purifiers. 


7.5 COUNTRY-WISE COSTS OF POINT-OF-USE WATER TREATMENT 
SYSTEMS 


The global PoU water treatment systems market size is projected to grow from 
16.2 billion USD in 2021 to 25.5 billion USD by 2026, at a compoundannual 
growth rate (CAGR) of 9.3% from 2021 to 2026. The PoU water treatment 
systems market is expected to witness significant growth due to the increasing 
demand for clean drinking water, increasing water contamination, growing 
human population, growing awareness about the benefits of water treatment, 
and technological innovations in the water treatment industry. The prices have 
been listed as per the popular e-commerce websites in the countries for various 
PoU water treatment systems, as presented in Table 7.1. 


7.6 ECONOMIC ANALYSIS OF POINT-OF-USE WATER TREATMENT 
SYSTEMS 


The PoU water treatment system market is affected by several trends, including 
population growth and water pollution. It is likely to be also influenced by water 
stress based on climate changes. The term economics refers to evaluating capital 
costs and operating costs associated with the fabrication/manufacturing of the 
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PoU water treatment system. The kind of analvsis employed and the values 
provided to the selected economic factors determine the economic assessment 
of a certain separation procedure. As a result, economic assessments given by 
different evaluators may differ significantly. However, if the approach employed 
in economic analyses is explicitly disclosed, such disparities can be instructive. 

PoU water treatment systems treat water used for drinking and cooking. The 
quantity of water required for drinking and cooking has considerable variation 
primarily based on environmental conditions and is reported to be varying 
from 2 L per person per day for drinking water to 8 L day. PoE water treatment 
system normally treats the entire water supply to the individual household. 
Water treatment technologies available for conventional water treatment plants 
can also be used for PoU and PoE water treatment systems. In addition, other 
treatment technologies are also used for PoU and PoE water treatment systems. 
Some of the most popular PoU water treatment technologies, which are also 
referred to in earlier chapters, are given below: 


* Sedimentation or settling 

* Filtration (media-based, ceramic, membrane) 
e Coagulation, flocculation, and precipitation 
* Adsorption 

* Electro-chemical 

* [on exchange 

* Chemical disinfection 

* Solar disinfection 

* UV disinfection 


There has been substantial growth in the PoU water treatment systems 
market in the last 10 years, and it is expected to grow further from over 54 
billion USD in 2028 to 19.8 billion USD in 2021. Awareness about waterborne 
diseases, the erratic water supply of compromised water quality, unsafe water 
handling and gradual reduction in the cost is driving the global market of PoU 
water treatment systems. Although demand for PoU water treatment systems is 
increasing globally, Asia holds the largest market share. It is likely to remain the 
fastest-growing continent at a CAGR of about 10% from 2020 to 2030. Increasing 
awareness about safe water, rapid urbanisation and affordability of PoU systems 
in Asia are creating substantial growth opportunities for PoU water treatment 
systems. Almost 35% of the world's urban population resides in Asia. China, 
Japan and India are major consumers of PoU water treatment systems, and local 
production facilities cater to the domestic demand in these countries. India is 
expected to register a maximum growth rate of PoU water treatment systems 
sales. Pacific countries such as Australia also have very high adoption of PoU 
water treatment systems other than Asian countries such as Japan, South Korea 
and so on. There is increasing demand for PoU and PoE systems in the United 
States of America due to the availability and penetration of such water treatment 
systems. The demand is also accelerated due to major commercial manufacturers 
of these systems with well-established distribution channels in the region. 

The PoU and PoE water treatment systems market is dominated by key global 
players who can provide the systems through their national counterparts. These 


Techno-economic analysis of membrane-based PoU water treatment systems 159 


multinational companies invested considerable resources to develop PoU water 
treatment systems and products mainly driven by consumers’ psyche rather 
than demand for the new products. A diverse strategy involving a broad range 
of product portfolios, technological improvement, catering to variable water 
quality parameters, ease of operation and maintenance, and cost-effectiveness 
is used for new product development. However, many local companies in 
China, India and other emerging economies are recording their presence due 
to the availability of cheaper resources and relaxed regulatory regime. Due to 
comparatively lower costs, several PoU water treatment systems manufactured 
in these countries are also imported. 

However, these systems remain unaffordable to many consumers, particularly 
in developing countries which is the major limiting factor to further improving 
demand. Membrane-based PoU water treatment systems, particularly RO, 
are reported to be more than half of the systems sold globally, which clearly 
indicates a preference for such systems. 

Data related to the cost of PoU water treatment systems are available. 
However, there is a large variation in the cost of the system depending on the 
year of reported data, type of technologies and country of origin. Moreover, the 
capacity of PoU water treatment systems is also not known to determine and 
effectively compare these systems. The approximate cost of water treatment 
units for various PoU water treatment system categories is presented in 
Table 7.2 by using two important references. Costs of these systems should be 
used for comparing different technologies having similar capacities. Membrane 
processes are the most expensive among other alternate technologies. However, 
these technologies are not comparable with membranes-based technologies 
in terms of contaminant removal potential. The cost of PoU water treatment 
systems presented in Table 7.2 is very high as the cost of these systems has 
considerably reduced over the years. These data can be used for comparing the 
cost of the systems with each other. 

The cost mentioned in Table 7.2 does not include one-time labour costs 
(300—500 USD) or the costs of any electrical power required. Following is the 
summary of the cost of various PoU water treatment systems: 


e PoU water treatment systems can be employed to treat water at the 
consumer end. The costs of PoU systems vary depending on the technology 
it utilises. 

* Technologies like solar disinfection can serve as the cheapest alternative 
for water disinfection since it requires only sunlight and transparent 
bottles. The fabrication costs of solar disinfection units are ~40-50 USD, 
which is much lower than the fabrication costs of some other PoU water 
treatment systems. 

* Size-exclusion technologies are also very cost-efficient, with ceramic 
filters having the lowest cost, followed by the activated carbon filter. The 
cost of UF membrane is currently around 40 USD m^ and declining, 
which can be very beneficial for developing countries. 


UV-based PoU water treatment system is also a commonly employed 
technology. UV-based PoU water treatment system requires electricity which 
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Table 7.2 Approximate costs of PoU water treatment systems. 


PoU/PoE Technology ` Average Cost (Materials Only) Reference 
UV disinfection 800-2000 USD www.fixr.com/costs/ 
Ionisation 1000-2000 USD water-purification-system 
Distiller 1200-4000 USD 
UF/RO 500-1500 USD 
Activated carbon 50-500 USD 
block filter 
Activated granular 50-500 USD 
carbon filter 
Sediment filter 85-1000 USD 
Activated alumina 200-2000 USD 
Boiling with fuel Depends on fuel price (2-pots Peter-Varbanets et al. 
required for boiling) (2009) 
Solar disinfection None (plastic bottles required) 
UV disinfection with ` 100-300 USD (operational 
lamps costs 10 USD—100) 
Free chlorine 2-8 USD(-operational costs: 
1-3 USD) 
Biosand filters 10-20 USD 
Ceramic filters 10-25 USD(+operational costs: 
none to 10 USD) 
Coagulation, 5-10 USD (+operational costs: 
filtration, 140-220 USD) 
chlorination 
Activated carbon 25-50 USD (+operational costs 
filtration 25-50 USD) 
Microfiltration 3 USD (+operational costs: 
12 USD) 
UF 40 USD 
RO 300 USD-600 USD (+ operational 


costs: 80 USD-20 USD) 


adds to the operational costs. Hence, even though UV-based PoU water 
treatment systems may cost less than filtration systems, their operating costs are 
relatively higher. A study conducted by Verhougstraete et al. (2020) measured 
the cost-effectiveness of multiple PoU water treatment systems. It was found 
that over 5 years, costs of operations were 680 USD for RO-based PoU water 
treatment system, 546 USD for activated carbon filtration, and 645 USD for 
pour-through filtration units per household. Similarly, UV-based PoU water 
treatment system costs 1500 USD, absorptive media filters cost 956 USD, and 
distillation costs 740 USD. The ion exchange-based PoU system was found to be 
the most expensive option, costing 1870 USD. The cost of various PoU systems/ 
technologies for removing nitrate and perchlorate and their associated units 


Techno-economic analysis of membrane-based PoU water treatment systems 161 


35000 


EEN] year 
ES years 
30000 P 10 years 

[ ]15 years 
Ej 20 years 

æ 25000 | — 40 years 

> 

eg 

n 

S 

= 20000 

2 

- 

s 

z 

£^ 15000 

= 

£ 

E 

2 10000 


5000 


Bottled water, Bottled water, Bottled water, High-end solid RO water 0,13 Distillation ` Pour-through Faucet mount 
self-fill 0.25 delivered 1.00 delivered 1.50 block activated USD per gallon 0.35 USD per GAC pitcher solid block 
USD per gallon USD per gallon USD per gallon carbon filter gallon: filter 0.25 USD activated 
0.07 USD per depends on the per gallon carbon filter 
gallon cost of 0.19 USD per 
electricity gallon 


Figure 7.1 PoU technologies and associated costs. 


is presented in Figure 7.1 (www.cyber-nook.com/chart/default.asp, 2018). The 
data are based on 58 L of water used per person per week, 5.5 L of water used 
per person per day and 1968 L water used per person per year. 

For extremely small systems (below 200 households), PoU technologies (RO) 
have the lowest costs for both nitrate and perchlorate. For larger systems, anoxic 
biological treatment systems have the lowest costs, although, for perchlorate, 
low concentrations and the high capacity of the selective resins favour ion 
exchange. Higher influent concentrations favour biological treatment. 

Capital cost in manufacturing PoU water treatment systems should 
theoretically include the cost incurred for the facilities, including land costs. 
Providing manufacturing/capital costs of the facilities is beyond the scope 
of this book. Moreover, capital investment in PoU water treatment system 
procurement is very small compared to large desalination plants. Considering 
the PoU water treatment system is independent of manufacturing facilities, the 
capital cost can be considered as the procurement cost of the system. 


7.6.1 Capital investment 

This sums up all of the costs incurred at the start of the PoU water treatment 
system's manufacturing facility (plant) life. Capital investment can be estimated 
using several ways. The amount of specific information available and the level of 
precision desired to determine which method is being used. Several approaches 
are described elsewhere. Direct production costs normally consider expenses 
directly associated with the manufacturing operation, such as expenditures 
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for raw materials, supervisory and operating labour, plant maintenance and 
repairs, operating supplies, rovalties, and so on. Advertisement expenses also 
form a major component in branding PoU water treatment systems and also 
added to the expenses of manufacturing of these systems. This book does not 
describe the method to determine the direct production cost of PoU water 
treatment systems based on the expenses of manufacturing facilities. Moreover, 
considering that the market currently is full of PoU water treatment systems 
from numerous manufacturers, competitiveness also decides the cost of these 
systems. 

In the case of the PoU water treatment system, the capital investment from the 
consumers’ perspective can be considered as the procurement and installation 
cost of the unit. A cost estimate includes more than just the capital investment. 
Another crucial component is estimating the unit's operational costs. Operating 
and maintenance expenditure (OPMEX) covers expenses for the consumers, 
such as electricity operating supplies and component replacement in the case 
of PoU water treatment systems. 


7.6.2 Cost of membrane-based point-of-use water treatment systems 
The membrane-based PoU water treatment systems are presented as a 
new, advanced solution to the consumers and have the potential to make a 
motivational appeal, which is getting increasingly important for the adoption of 
the PoU water treatment system. Another factor that may increase adaptability 
of membrane-based systems for low-income consumers is the desire for high- 
tech options to have class sensitivity. 

The demand for membrane-based PoU water treatment systems is increasing 
for several reasons. These systems have become synonymous with household 
water treatment systems. The majority of the literature related to the costing 
of membrane-based water treatment systems is available for large desalination 
plants. 


7.7 GLOBAL MARKET SIZE OF MEMBRANE-BASED POINT-OF-USE 
WATER TREATMENT SYSTEMS 


Substantial growth in water treatment systems fuelled by growing urbanisation 
has led to increased demand for membrane technology across the globe. The 
supply of potable drinking water to households is one of the topmost necessities 
for all countries. The global domestic water consumption rate increases by about 
100% every 20 years. The rising scarcity of drinking water, increasing population 
and growing water demand for other sectors are the major drivers of the demand 
for membrane-based water and wastewater treatment market throughout the 
globe. Several reports analyse the growth of membrane industries, particularly 
its application in water and wastewater treatment. These reports and data 
analysis of membrane-based water and wastewater treatment systems indicate 
the range of market size and CAGR. However, all these reports provide a clear 
indication of substantial growth in this type of market. As per one such available 
report, the global membrane-based water and wastewater treatment systems 
market is estimated to be 15.5 billion USD in 2019 and projected to grow to 19.6 
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Figure 7.2 Membrane water and wastewater treatment market growth rate by region 
(2020-2025). 


billion USD by 2025, with a CAGR of 6.4% during this period. The membrane 
market is dominated by RO membranes, which are increasingly used in PoU 
water treatment systems. The growth of membrane-based water and wastewater 
treatment technologies is shown in Figure 7.2 (www.mordorintelligence.com/ 
industry-reports/membrane-water-and-wastewater-treatment-w wt-market). 

RO-based PoU water treatment systems are also very common in the global 
market, with an estimated cost of 500-1500 USD. Compared to RO-based PoU 
water treatment systems, the expenses of UF and microfiltration are much 
lower, with lower operational costs as well. 


7.8 COST DETAILS OF MEMBRANE-BASED POINT-OF-USE WATER 
TREATMENT SYSTEMS: A CASE STUDY FROM INDIA 


India is the seventh-largest country having a population of 1.5 billion. India has 
about 16% of the world's population, with only 4% of water resources. Hence, 
water resources are under stress due to a large population, industrialisation and 
agricultural activities. Water quality is also affected due to sewage, agricultural 
runoff and industrial discharges; quality improvement is reported progressively. 
With the ambitious programme, Jal Jeevan Mission, to provide safe drinking 
water to every household in India, improvement in services and water quality 
is expected. 

India is rapidly growing marked for PoU water treatment systems, and 
membrane-based PoU constitutes a major component. India's PoU water 
treatment systems are dominated by use in households, which are mainly 
based on the RO. Membrane-based PoU water treatment systems are mostly 
distributed and sold through outlet stores, whereas UV and membrane (RO)- 
based water treatment systems are sold through the 'direct to home' channel 
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Table 7.3 Cost of commercially available membrane-based PoU systems in India. 


PoU Unit Technology Used Rate of Storage Cost Additional 
Production Capacity (INR) Energy 
(Lh) (L) Requirements 

(+/-) 

Aquaguard RO+UV 12-15 6-10 21000 +(~35 W) 

Enhance 

Aquaguard UV+UF RO path: 12-15 6 25000 + 

Superb UV path: 35-40 

Aquaguard ME+UV 120 No 12000 +(~8 W) 

Classic storage 

Tata Swach MF 4-5 7.5 1500 NA 

Tata Swach UV+UF 30 6 10000 + 

Viva 

Kent Pearl RO+UV+UEF 20 8 20500 +(~60 W) 

Kent Prime RO+UV+UEF+UV_ 20 9 21000 +(~60 W) 

Plus in storage tank 

HUL RO+ME 10-12 9000 +(~36 W) 

Pureit 

Classic 

Pureit UF+UV 24 10 17500 + 

Marvella 

Bluestar RO+UV 60 10000 + 

Iconia 


of about 30%. As a result, many well-known key players have developed their 
own exclusive branded outlets for cell membrane (RO)-based water treatment 
systems. Most new and current companies concentrate on membrane-based 
water treatment systems, particularly RO-based ones, which are the fastest- 
growing application in the Indian PoU water treatment systems market. The 
membrane (RO)-based water treatment systems market is largely consolidated, 
with 10 global companies accounting for over 70% of the market share. New 
domestic and international players have also entered the market. UF is a 
water treatment technology that is increasingly gaining traction in India as an 
alternative to RO. The costs and technical specifications included in Table 7.3 
are per the manufacturer’s websites. 

RO and UV filters are the most commonly used technologies in the Indian 
market. The average cost of commercially available PoU devices in India is INR 
15 000 (USD 200). Most PoU water treatment systems require electricity and 
incur additional operating and maintenance costs. 


7.9 SUMMARY 


The PoU water treatment systems are much more feasible since they are 
considerably less expensive and provide safe drinking water. Although 
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conventional water treatment plants and now water safety plan approaches are 
meant Íor ensuring safe water to the consumers, their efficient application is 
limited largely to developed countries. Hence, it is beneficial to treat water 
on the consumers’ end. PoU water treatment systems can serve as a cost- 
effective solution to the risk of waterborne diseases. The cost-effectiveness of 
PoU water treatment systems is well documented. Membrane-based PoU water 
treatment systems are increasingly being used and recording impressive growth 
globally due to the versatility of such systems in treating many contaminants 
in drinking water. RO membranes form a major proportion and are often 
synonyms for PoU water treatment systems. Considering the reduction in the 
cost of membrane-based PoU water treatment systems, many variants exist in 
countries such as China and India. With the increase in water scarcity and 
questionable water quality on consumers’ end, the use of PoU water systems in 
general and membrane-based PoU water treatment systems, in particular, will 
continue to grow in the next decade. 


doi: 10.2166/9781789062724_0167 


Chapter 8 


Certification and evaluation of 
membrane-based point-of-use 
water treatment systems 


8.1 INTRODUCTION 


Water-borne disease outbreaks still occur globally despite the continued efforts 
of numerous government and non-government entities to maintain water safety. 
PoU water treatment technology can be a temporary but immediate solution. 
Meta-analyses of various studies have found that some household PoU water 
treatment systems can improve drinking water quality and reduce the risk of 
infections by 30%-40%. Given the wide range of technologies available for PoU 
drinking water treatment processes, it is critical to creating quality standards 
that help consumers choose the right system. 

Due to natural or anthropogenic pressures, deterioration in water quality 
has resulted in an opportunity to innovate and roll out technologies/products 
that can deliver safe water to households. These innovative technologies/ 
products, including membrane-based, aim to treat the contaminated water to 
adhere to prescribed water quality standards/guideline values and provide an 
interim solution for improved quality of safe and reliable drinking water. Apart 
from directly using these PoU water treatment systems by the consumers, many 
governmental/non-governmental agencies also provide these systems through 
national policies and health programmes for technological interventions. 
Development, procurement and distribution of water treatment products 
worldwide are continuous. 

Advancements and innovations have occurred in early-developed 
technologies such as adsorption, ion exchange, membrane separation, 
disinfection, etc. Every passing year, several PoU water treatment systems are 
developed and introduced in the market with various configurations to address 
the supply of clean water at the PoU with varying and sometimes unverifiable 
claims. With the market full of such products and huge claims, it is essential 
to understand the complexities of water treatment and evaluate these claims 
independently based on the common testing/evaluation/certification protocol. 


© 2023 The Authors. This is an Open Access book chapter distributed under a Creative Commons 
Attribution Non Commercial 4.0 International License (CC BY-NC 4.0), (https://creativecommons.org/ 
licenses/by-nc/4.0/). The chapter is from the book Membrane Based Point-of-Use Drinking Water 
Treatment Systems, Pawan Kumar Labhasetwar and Anshul Yadav (Authors). 
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The PoU water treatment products/units/systems evaluation and certification 
guides consumers, including private and government agencies, in selecting 
suitable systems and help the national government directly or indirectly in 
several technical- and evaluation-related functions. The primary objective of 
certification/evaluation is to provide an independent third-party evaluation 
of PoU water treatment systems and certify them. Additional objectives of 
certification/evaluation can be as follows: 


* To create a platform to promote and coordinate the independent and 
reliable evaluation of PoU water treatment products/units/systems based 
on the uniform protocol and standards. 

* Toprovideacommon platform for technology providers and manufacturers 
to assess the performance and efficacy of their technology. 

* To aid the government/non-government agencies which are involved in 
the procurement of PoU water treatment products/units/systems for the 
public at large to ensure access to safe drinking water. 


Many organisations and governments now provide suggestions, guidance, 
protocols, specifications, and processes, or descriptions of methods and 
materials for evaluating the effectiveness of PoU water treatment systems. 
The WHO, Water Quality Association (WQA), National Science Foundation 
(NSF)/American National Standards Institute (ANSI), and the United States 
Environmental Protection Agency (USEPA) are among the most prominent of 
these; all of which now offer certification or some other type of recommendation 
based on performance appraisal. Recognising the importance of assisting 
countries in formulating and implementing nationally oriented household water 
treatment and safe storage policies and programmes for raising awareness and 
driving actions, such initiatives must continue to be encouraged and supported. 
These agencies worldwide have or are establishing administrative and technical 
processes that allow for country/state-specific registration and use of PoU 
water treatment systems/technologies/products. For that instance, PoU water 
treatment systems/technologies/products certification/approval/evaluation 
can be limited to a single country, recognised regionally or internationally. 


8.2 STANDARDS FOR EVALUATION/CERTIFICATION FROM 
INTERNATIONAL AGENCIES 


PoU water treatment systems/technologies/products performance evaluation 
and certification or approval programmes are already in place at the WHO, 
NSF/ANSI and WQA. Currently, several organisations provide specifications, 
standards, recommendations, evaluation protocols, and procedures for PoU 
water treatment systems. WHO, NSF-International and the USEPA are the 
foremost among these organisations providing certifications and approvals after 
the formal evaluation of PoU water treatment systems. Other organisations, 
such as Underwriters Laboratory (UL) and the International Association of 
Plumbing and Mechanical Officials (IAPMO), issue certifications based on 
these publicly available materials. While not necessarily comprehensive or 
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representative of policies, procedures, and methods utilised worldwide, they 
reflect the most well-known international information resources and certain 
countries with their systems (Bailey et al., 2021). 

Traditionally, regulatory bodies have taken a harder stance against 
PoU treatment devices than those against PoE systems. However, a closer 
examination of the chronology in Figure 8.1, which displays the evolution of 
attitudes towards PoU water treatment systems, reveals a steady shift in the 
regulatory consideration of PoU systems. As mentioned in the next subsections, 
several water regulations have accepted PoU water treatment systems as an 
alternative to meet maximum pollutant levels (Hamouda et al., 2010). Table 8.1 
summarises the overview of standard protocols for evaluating PoU water 
treatment systems. 


8.2.1 World Health Organisation 

According to a consensus publication by WHO, 'Evaluating household water 
treatment options: Health-based targets and microbiological performance 
specification (WHO, 2011), three specific levels of technical microbial 
reductions are recommended for PoU water treatment systems. This publication 
also mentions the development of local application performance specifications 
to protect consumers and inform decision makers to select appropriate 
technologies or approaches. This publication provides a basis to evaluate the 
microbiological performance of the PoU water treatment system to 


* establish health-based performance targets, for example interim target, 
protective and highly protective to have an incremental improvement in 
water quality 

* guide the development and strengthening of testing protocols 


Performance targets for three classes of microorganisms, that is bacteria, 
viruses and protozoa, are included in this publication. The reference 
pathogens used in this publication are Rotavirus for viruses, Campylobacter 
jejuni for bacteria, and Cryptosporidium for protozoan parasites. They are 
comparatively better characterised, highly significant for public health 
importance, and conservative in relation to infectivity and dose-response. 
Alternatively, if PoU water treatment systems were operational to remove these 
pathogens under reference, other pathogens within each category of pathogens 
would also be removed. The quantitative microbial risk assessment (OMRA) 
approach is used to develop performance targets for these pathogens. The 
publication includes material and methods, recommendations, and processes 
for performing technological evaluations that may be contextualised to other 
countries or standard development agencies' bodies. To a large extent and 
keeping practicality in view, the publication also promotes the adaption of 
available testing methods. The recommendations made in this publication do 
not apply to chemical contaminants. 

The WHO has established an “International Scheme to Evaluate Household 
Water Treatment Technologies' to evaluate the microbial performance of PoU 
water treatment technologies against WHO’s health-based criteria. The scheme 
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is to help make informed decisions about the selection of PoU water treatment 
systems by the countries, international organisations and other agencies. Many 
treatment technologies are available to remove pathogens from drinking water, 
and many manufacturers and vendors provide the products/systems based on 
these technologies. However, the performance of these treatment technologies 
is variable in terms of removal of the pathogens, namely bacteria, viruses and 
protozoa posing health risks. 

The WHO constituted an Independent Advisory Committee (IAC) to 
provide technical and scientific advice to develop and operationalise the 
evaluation scheme. Experts from the subject field of microbiology, water 
quality, and water treatment technology formed the IAC. The IAC periodically 
advises on selecting testing laboratories, harmonised protocols for evaluation 
and testing, reporting templates of test results, and analysis of test findings for 
the PoU water treatment systems submitted for evaluation under the scheme. 
WHO developed recommendations to assist the countries and other users of 
the scheme in appropriately evaluating and selecting PoU water treatment 
technologies/systems. The guiding principles and criteria for evaluating these 
products/systems’ performance are also detailed in this publication. These 
systems are classified into three levels of performance: 3-star (* * X); 2-star 
(x X), and 1-star (X), considering the performance in removing pathogens from 
treated drinking water, details of which are given in Table 8.2. 

The publication does not include a detailed evaluation protocol. However, 
recommendations and guidance related to testing processes, materials and 
methods, and synthetic test water details are provided. The document suggests 
choosing the target organism based on the disease prevalence in the area. If 
there is insufficient data, the document recommends using Escherichia coli 
(for the bacterial challenge), MS-2 Phage or phiX-174 (for the viral challenge), 
and Cryptosporidium parvum (for infectious oocysts). Sample collection 
procedures have also been described in the document. The development of the 
evaluation protocols has been left up to the user. Rotavirus is recommended as 
an acceptable viral test candidate in the WHO document since itis the reference 
viral pathogen in the GDWQ, 2022. Alternatives to reference pathogens are 
also identified, including Echovirus 12 (an enterovirus), coliphage MS2, »X-174 


Table 8.2 Performance criteria for POU water treatment systems. 


Performance Bacteria (log,, Virus (log,, Protozoa (log,, Interpretation 


Classification Reduction Reduction Reduction (with Correct and 
Required) Required) Required) Consistent Use) 

* * 24 25 >4 Comprehensive 

kk >2 > >2 protection 

* Meets at least 2-star (* *) criteria for two Targeted protection 


classes of pathogen 
- First to meet WHO performance criteria Little or no protection 
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(coliphage), and/or other bacteriophages. They are physically, morphologically, 
chemically, and behaviourally similar to other enteric viruses, providing 
a framework for evaluating the virus reduction performance of PoU water 
treatment systems (technologies). 


8.2.2 National Science Foundation/American National Standards Institute 
Water systems should ensure that any PoU or PoE water treatment system is 
properly certified/evaluated. ANSI has issued product standards (formerly NSF/ 
ANSI standards) for a specific type of PoU or PoE water treatment systems. 
NSF/ANSI standards cover six types of PoU and PoE water treatment systems 
(NSF International): 


* NSF Standard 42: Drinking Water Treatment Units - Aesthetic effects; 

* NSF Standard 44: Cation Exchange Water Softeners; 

e NSF Standard 53: Drinking Water Treatment Units - health effects; 

* NSF Standard 55: UV Microbiological Water Treatment Systems; 

* NSF Standard 58: RO Drinking Water Treatment Systems; 

* NSF Standard 62: Drinking Water Distillation Systems; 

* NSF Standard 244: Intermittent incursions or accidental microbiological 
contamination; 

e NSF Standard 401: Drinking Water Treatment Units - Emerging 
Compounds/Incidental Contaminants. 


It is essential to realise that some of these initiatives are designed to test 
technology for providing supplementary treatment to public or private drinking 
water supplies. The NSF/ANSI Standard 55 NSF International (2019b) and NSF 
P231 NSF International (2014) are related to treatment technology evaluation. 
At the same time, NSF/ANSI Standards 55 NSF International (2019b), 62 
NSF International (2019a), 244 NSF International (2019c), and NSF/ANSI 
Protocols P231 NSF International (2014) and P248 NSF International (2012) 
evaluate performance for three classes of microorganisms (bacteria, virus, and 
protozoa). NSF/ANSI also has standards for chemical reduction performances 
(NSF Standards 53 NSF International (2019d) and 58 NSF International 
(2019e)), and only protozoa reduction is the only microbiological claim. 

Independent entities that evaluate PoU water treatment systems/technologies/ 
products follow prescriptive protocols to fulfil specified performance levels 
for removing/inactivating viruses, bacteria, and protozoa (their surrogates 
are also used sometimes) that these agencies/organisations specify. The NSF/ 
ANSI P231 NSF International (2014) protocols assess performance as per 
the USEPA Guide Standard and Protocol for Testing Microbiological Water 
Purifiers (1987). There are provisions for non-performance-based items such as 
literature, material safety, and labelling on the systems included in NSF P231 
NSF International (2014). For viruses (4 logio), bacteria (6 logio), and protozoa 
(6 logio), these standards/protocols contain very stringent and comprehensive 
testing performance parameters as well as numerical microbiological reduction 
performance requirements (3 logio). However, these organisations are aware 
that testing methodologies must be tailored to the attributes and characteristics 
of the technology being evaluated. 
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8.2.3 National Science Foundation-International 

The NSF-International has a centre dedicated to evaluation/verification of 
drinking water treatment systems dedicated to technology verification since 
2000. Consequently the NSF-International has developed protocols for 
verification of the following specific water treatment technologies: 


e NSF Protocol P2351, 2014 
* NSF Protocol P248 military operations microbiological water purifiers, 
2020 


These protocols complement the standards presented in the earlier section 
and should be read in conjunction with the standards. The protocols can be 
used as templates for developing test plans for evaluating/verifying individual 
PoU water treatment systems/technologies/products at specific locations. For 
example, NSF Protocol P251 addresses principles and procedures for verifying 
microbiological claims of water purifiers as recommended by the USEPA 
protocol. The NSF/ANSI 55 standard, as mentioned in the last section for 
UV Microbiological Water Treatment Systems, also has details similar to that 
in Protocol P231. Therefore, the test conditions and parameters differ from 
protocol to protocol, depending on the detailed specifications of the technology. 
The verification reports of technologies evaluated by NSF are publicly available. 


8.2.4 Water Quality India Association 

The Water Quality India Association (WQIA) is a non-profit organisation 
representing India's residential, commercial, and industrial water treatment 
industries. WQIA has developed a document providing guidelines for evaluating 
drinking water treatment devices based on the Bureau of Indian Standards 
(BIS) - IS 10500-2012, that is Indian standards for drinking water. This document 
is titled WQIA IP-100 guide standard and protocol for microbiological evaluation 
of drinking water treatment devices. 

Procedures for performance evaluation of UV, halogenated and iodinated 
with size-exclusion technologies have been included in the document, along 
with the specific test conditions for each technology. Like the USEPA and WHO 
protocol, the WQIA protocol has also specified the reduction requirements of 6 
log for bacteria, 5 log for viruses, and 4 log for protozoan oocysts. The protocol 
has also specified the reduction requirements that the PoU water treatment 
system should demonstrate according to its operational time (or its life point). 
The document is particularly useful since it provides detailed sampling, 
analysis, results recording, and PoU water treatment system conditioning 
procedures. The document also provides a template for a sampling plan for 
each technology. In short, the WQIA protocol has been developed specifically 
for Indian conditions and matches the global norms. 


8.3 COUNTRY-SPECIFIC STANDARDS FOR EVALUATION/ 
CERTIFICATION 


Many countries have also evolved protocols/guidelines/standards for evaluating 
PoU water treatment systems which, in some instances, are technology-specific. 
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Although they, in principle, are similar to various other protocols available in 
other countries or through international agencies, country-specific issues are 
also addressed. These protocols are briefly described below and summarised 
in Table 8.5. 


8.3.1 Brazil 

The Brazilian Standard NORM/ABNT/NBR 15176:2004 provides three 
separate categories for classifying the PoU water treatment system's performance 
efficiency. The PoU water treatment system needs to satisfy at least one out of 
the following three criteria for complying with this standard 


* removal of free chlorine, 
* particle retention efficiency, 
* bacterial reduction (log;)) according to the Brazilian standard. 


The PoU water treatment system should exhibit at least 2 log reduction in 
water containing 10’ colony forming units (CFU) 100 mL! of E. coli. 

This methodology identifies and specifies a PoU water treatment system's 
performance efficacy based on particle retention efficiency, efficiency in 
lowering free chlorine content, and a minimum 2 log, reduction that 
appears to be based on a health risk strategy. This performance target 
identified in the protocol has no evident rationale. Because the main 
microbiological performance criteria is a 2-log;) decrease of E. coli, whether 
by physical exclusion such as filtration or microbial inactivation methods, this 
strategy does not appropriately address microbial variety and variability. The 
changes in performance efficiency predicted to occur with viruses removed/ 
inactivated/treated by filtration and chemical disinfection and protozoa treated 
by chemical disinfection are not effectively accounted for in this methodology 
and its microbial performance specifications. 


8.3.2 Canada 

Environment Canada prepared the Canadian protocol for performance testing 
of drinking water treatment technologies in collaboration with the Bureau 
de normalisation du Québec for the Canadian environmental technology 
verification program in 2015. The primary objective of the protocol is to assess 
the operational reliability of the technology. The duration of testing has been 
specified as a minimum of 12 consecutive months. Operating parameters have 
also been defined, and the number of samples need to be collected. Critical raw 
water parameters that need to be measured, such as pH, TDS, turbidity, total 
organic carbon, alkalinity, sodium, fluorides, iron, and manganese content, tri- 
halo methane, and halo acetic acid (HAA) values, have also been described. The 
document has also included total coliform and faecal coliforms in the testing 
parameters. Methods of detection of microorganisms have been described 
briefly, but the exact protocols have not been included. 


8.3.3 China 
The protocol ‘GB/T 5750-2006 Standard’ available in China through the 
Ministry of Health is used to evaluate PoU water treatment systems. The China 
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Ministry of Health standard has requirements of two challenges for bacteria 
removal: a 1-log,, reduction of E. coli resulting in no bacteria in treated test 
water and a reduction in total plate counts (TPC) of bacteria to less than 
100 TPC mL in the treated test water. These standards of bacterial (bacteria is 
considered as microbial target) reduction in treated water are based on health 
risks, and there is no clear reason assigned for selecting bacteria and achieving 
the target reductions. However, the People's Republic of China's drinking water 
quality regulations (GB 5749-2006) include primary standards for E. coli and 
TPCs (Ministry of Health, China). 

The standard and protocol solely address bacteria as the only parameter as 
potential health-related microorganisms of concern and do not contain any 
viruses or protozoan cysts as target microorganisms. Hence, viruses in drinking 
water may produce distinct and likely inferior performance effectiveness 
because such filtration techniques do not target microbial categories other 
than bacteria. Because protozoa are bigger than the E. coli bacteria stated in 
the protocol, the approach may be adequate in addressing their removal by 
filtration technology. However, the protocol does not address the potential 
differential in sensitivity to chemical disinfection processes between E. coli 
bacteria and protozoan parasites. The Chinese Ministry of Industry and 
Information Technology (MIIT) Standard for PoU and comparable water 
treatment systems (interestingly, the document number remains the same) 
recommends total coliform bacteria as the test microorganism and a geometric 
mean concentration of 200-2000/100 mL in the test water. The complete 
removal would result in a 2.3-to-3.3-log,, reduction. This standard does not 
indicate any additional test microorganisms. As a result, the bacterial reduction 
requirements of these various Chinese technological performance evaluation 
standards and documents are different. 

The Ministry of Health standard of China has developed GB/T 5750- 
2006 to evaluate the different water treatment units (Ministry of Health of 
the People's Republic of China, 2010). The document has specified two main 
bacterial challenges. The first criterion is that the PoU water treatment system 
must exhibit 1 log10 reduction at 50-100 CFU mL? challenge value. The 
second criterion is that the treatment unit must reduce total bacteria plate 
counts to «100 TPC mL- at the quarter intervals of the device's lifetime 
water volume capacity. Later in 2020, the MIIT included a geometric mean 
test for total coliforms in water comprising 200-2000 CFU 100 mL"! or most 
probable number (MPN)/100 mL. According to the document's microbiological 
requirements, the log10 reductions would be 2.3-3.3 if the water is expected to 
be treated to contain 0 total coliforms 100 mL-!. 

There are no specific requirements for the virus, a protozoan parasite, or 
other physicochemical parameter reductions. 


8.3.4 European Union 

The European Union Standard EN  14652:2005--A1:2007, EN13443- 
2:2005+A1:2007, EN 14897:2006, EN 14898:2006 + A1:2007, etc. specifies 
requirements relating to the construction, performance, and methods of testing 
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drinking water filters. The standards also include test conditions to evaluate 
the structural integrity of the units. The standards applicable vary depending 
on the treatment technologies. Depending on the technology being evaluated, 
the performance requirements specified are also different for each standard. 
Generally, chemical reduction and organic molecule rejection capacity 
are included. EN 14897:2006 also includes bacterial and phage reduction 
requirements. According to the European standards, the NSF/ANSI protocols 
can be used for evaluations. 


8.3.5 India 

BIS is India's national standard body, founded under the BIS Act 2016, for 
the harmonious development of standardisation, marking, quality certification 
of goods, and things associated with or incidental thereto. To provide people 
with safe drinking water, the BIS created drinking water quality standards 
in India. Drinking water sources must be tested regularly to ensure that the 
water satisfies the defined requirements and, if not, determine the amount of 
contamination/unacceptability and the necessary follow-up. 

IS 16240: 2015 for RO-based PoU water treatment systems covers RO-based 
PoU water treatment systems with a capacity of up to 25 L h! that reduces TDS 
of water, chemical contamination to a safe level, and removes physical particles 
such as challenge microorganisms such as bacteria, viruses, and protozoan 
oocyst Product manual for reverse osmosis (RO) (2015). 

Protocols available in various countries are reviewed and presented to 
highlight significant content, particularly contaminants removal. Most of 
the protocols specify the removal of challenging microorganisms with little 
emphasis on chemical contaminants. This also helps provide technology- 
neutral protocol (applicable to technologies being used in most PoU water 
treatment systems). In most countries, indicator bacterium such as E. coli is 
used in test water, and the removal efficiency of PoU water treatment systems 
is determined. However, considering the health risk-based approach, countries 
are updating the protocols by incorporating the removal of bacteria, viruses, 
and protozoa through the PoU water treatment systems. Summary of country- 
wise protocols for evaluating PoU water treatment systems in terms of challenge 
microorganisms, log 10 removals of these microorganisms etc., are presented 
in Table 3.2. 


8.3.6 Mexico 

Accordingto Official Mexico's Standard NOM-244-SSA1-2020 (Official Mexican 
Standard, 2020) (4-log10 reduction), PoU water treatment technologies/systems 
must eliminate mesophilic aerobic bacteria by over 95%, and total coliforms 
reduction should be 99.99%. This standard does not explain the selection 
of test microorganisms or the reductions in target microorganisms, and the 
criteria do not appear to be based on health risks (NOM-244-SSA1-2020). 
Similar to the Brazilian and Chinese standards and protocols, this Mexican 
protocol solely includes bacteria as potential health-related water-borne 
pathogens of concern. It concentrates on PoU water filtration systems. As a 
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result, this protocol and standard, like the Brazilian protocol and standard, do 
not appropriately examine and evaluate filter reduction performance for water- 
borne enteric viruses. Because protozoans are larger than bacteria like E. coli, 
this methodology and standard may be appropriate for addressing water-borne 
protozoan removal by filtration processes. However, the Mexican protocol and 
standard, like the Brazilian protocol and standard, do not address the expected 
variation in reactions to chemical disinfection methods between E. coli bacteria 
and viruses or protozoa (Bailey et al., 2021). 

The Mexican Standard PROY-NOM-244-SSA1-2020 establishes the sanitary 
requirements and characteristics that equipment and germicidal substances 
must be met for domestic water treatment. The document includes the protocol 
for test methods to evaluate efficiency in bacterial reduction. This standard 
mandates that household treatment methods reduce mesophilic aerobic 
bacteria by 95% and 4 log, reductions in total coliform values at 5000- 
10 000 CFU mL. Physicochemical parameters for the influent challenge are 
not specified, and the viral and oocyst reduction requirements are also not 
addressed. The target bacterial species have not been provided. However, 
different methods for detecting mesophilic and coliform bacteria have been 
described (PROY-NOM-244-SSA1-2016). 


8.3.7 The United States of America 

The document USEPA guide standard and protocol for testing microbiological 
water purifiers describes a protocol for evaluating PoU water treatment 
systems. The United States Environmental Protection Agency (USEPA) is 
an autonomous executive agency of the United States Federal Government 
dealing with environmental protection issues. The USEPA (1987) was the first 
to propose a comprehensive guide standard for PoU water treatment systems 
that perform microbiological treatment of water. The primary targets of this 
standard are bacteria, viruses, and disinfectant-resistant parasites (cysts). The 
USEPA standard protocol utilises realistic worst-case challenges to determine 
the efficiency of PoU water treatment systems and determine whether the 
treated water quality meets the requirements as prescribed by US national 
primary drinking water regulations. 

The document covers the protocol for performance evaluation of ceramic 
filter candles or units, UV disinfection units and halogenated resins. The 
document outlined microbial reduction performance standards, as well as 
specific test organisms, microbe concentrations in test waters, and microbial 
reduction testing procedures. The challenge organisms used were Klebsiella 
terrigena (bacteria), Poliovirus or Rotavirus (virus), and Giardia lamblia (cysts). 
The protocol has also described influent challenge requirements, pH, total 
organic carbon, TDS and turbidity, based on the evaluated technology. The 
reduction requirements were 6 log for bacteria, 4 log for viruses, and 2 log for 
a protozoan. The protocol has also suggested experimental designs and setups, 
test time conditions and rigs, etc. However, the protocol has stated that the test 
protocols can be modified depending on the specific testing requirements of 
the technology. 
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8.4 CERTIFICATION/EVALUATION PROCESS 


Many countries have initiated processes to certify/evaluate PoU water treatment 
systems. An independent agency normally provides certification through a 
written assurance that the product meets a specific set of requirements, such as 
a PoU water treatment system. These requirements are normally well defined 
and objective parameters against which the system is tested. These requirements 
are normally termed as standards developed either by an independent agency in 
individual countries or adapted from international agencies such as the ISO or 
WHO. However, it is always good to have requirements/standards specific to 
the countries as these requirements/standards cannot be universally applied. A 
template for developing the certification/evaluation process is presented below, 
which can be adopted by any country. 


8.4.1 Certification process description 

The certification process for drinking water treatment systems/products/units 
should be open to all manufacturers. The certification should recognise all the 
water treatment units that adhere to the standards. The rating of the products 
can also be developed based on the ability and efficiency of the products/ 
units/systems to provide treated water meeting the standards. The rating can 
be provided depending upon the product performance for decontamination of 
water for a particular contaminant, the quantity of sludge/reject generated and 
proposed sludge/reject management. 


8.4.1.1 Process development 

The process can be developed in accordance with International Organization 
for Standardization/International Electrotechnical Commission (ISO/ 
IEC) 17067 and guidelines from other leading certification agencies (ISO/ 
IEC 17067:2015). There can be many approaches to certification process 
development. The following steps can be adopted in certification process 
development: 


* Evaluation of each eligible product based on the review of documents 
submitted, efficiency testing and quality control protocol adopted by the 
manufacturer. 

e Review of the evaluation outcome by the technical board, which is 
independent of the evaluation team empowered to grant certification. 


The certification process can be technology-specific and coordinated by the 
Central Agency, preferably a Standard Development Agency in the country. 
This agency can be a nodal and lead institute for this process. The drinking 
water treatment products/units/systems can be primarily classified into two 
groups: household units (PoU and PoE). Further, the technologies can be 
classified but are not limited to the following categories: 


* Adsorption/ion-exchange 
* UV radiation 
e Membranes (MF, UF, NF, and RO) 


186 Membrane Based Point-of-Use Drinking Water Treatment Systems 


Certification 
programme 


Technical review board 


(SC) (SO) (SC) (SC) (SC) (SO) 


Adsorbent ona UV based Distillation Coagulant and Facility 
media technology technology flocculent inspection 


chemicals audit 


Figure 8.2 Simplified institutional mechanism for certification programme. 


* Distillation 
e Coagulant and flocculent chemicals 


A subcommittee (SC) for each category of technologies can be created, which 
will act as an advisory body and shall be responsible for the following tasks: 


e Finalisation and adaptation of standards 

e Defining the evaluation/testing protocol 

e Harmonising testing protocol and reporting templates 

* Prioritisation criteria for the categories of technologies to be evaluated 


The subcommittee should be fully empowered to define, review, and 
adapt the technical specifications, protocols, and standards to be adopted. A 
simplified institutional mechanism for the certification programme is presented 
in Figure 8.2. 


8.4.1.2 Technical Review Board 

The technical review board (TRB) is the apex authority of the product 
certification programme. The board can comprise five experts from the field of 
water technology. Following key responsibilities can be assigned to the TRB: 


* Preparation and finalisation of protocol for evaluation of products. 
e Review of new applications. 
e Decision on grant of certification based on the evaluation outcome. 


8.4.1.2.1 Preparation of testing protocol 

Protocols are available from International Agencies for testing/evaluation of 
PoU water treatment systems. Many countries have either initiated developing 
protocols, or these protocols are already available. However, it is advisable to 
develop own protocol which can adopt part of already available protocols. 


8.4.1.2.2 Review of new applications 
TRB can be responsible for reviewing all the new applications. The line of 
action and type of testing to be conducted to evaluate each product is to be 
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finalised by the TRB. TRB should also decide on the standardised protocol for 
evaluating the system. The process should be flexible, and the board can invite 
any subcommittee chair or any other technical expert to finalise the evaluation/ 
testing protocol if deemed required. 


8.4.1.2.3 Preparation and finalisation of standards 

TRB can be responsible for preparing the standard for evaluation/testing of 
each of the technologies mentioned in the earlier section. The standard should 
include the scope, the detailed procedure to be adopted for evaluation/testing, 
and the acceptance criteria. These standards may include drinking water 
quality standards (as these standards are available in most countries, they can 
be directly adopted, and treated water should meet these standards for specific 
water quality parameters), test water quality, specific contaminant removal 
(e.g., bacteria, virus, protozoa) requirements, etc. 


8.4.2 Certification process 

The certification process should be structured to evaluate each product 
comprehensively, consistently, and without bias. The process requires gathering 
technical, administrative, quality control, and sustainability information for the 
evaluation/testing of each system/technology/product. It is important to note 
that all the information is critical. The certification process has the following 
key steps. 


8.4.2.1 Application 

The application for certification should be filed by the manufacturer (in the case 
of imported systems/technologies/products, a local agency can apply on the 
manufacturer's behalf). On scrutiny of the application and relevant documents, 
ifthe application is complete and all the required documentation is received, the 
application shall be forwarded to the technical review team. The manufacturer 
shall be asked to address the deficiencies in case of any discrepancy before 
sending the documentation to the review team. The documents submitted with 
the application must be according to the checklist. When submitting samples to 
a laboratory for testing, the applicant must always provide parameters. Along 
with the applications, particular pollutant information, reduction claims, flow 
rates, capacities, and general product specifications for the products/systems 
are required. An application fee can be charged along with the application to 
make the process financially sustainable. The evaluation fee would depend on 
the extent of work and shall be assessed after the technical review. 

The manufacturer needs to submit an entire list of the components of the 
system/product. Components from secondary or tertiary vendors may be used 
in certified products. After certification, the manufacturer is responsible for 
ensuring that all secondary suppliers do not change their material formulations 
or component sources. Manufacturers who use recognised systems, methods, 
or goods must have a written agreement with each supplier stating that 
their component or material composition is used in a product. Changes to a 
component or formulation must be reported to the certified company and the 
certification organisation. 
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8.4.2.2 Document review, preliminary audit, and finalisation of activities 

The application number has been assigned once the applicant document is found 
complete. The application is acknowledged, and a reference number is provided 
to the applicant for future reference. Following that, the application will be 
subjected to a technical review. A technical assessment of provided information 
will ensure the accuracy, completeness, and scope of the certification process. 
Minimum requirements for certification of the systems/technologies/products 
making performance claims and the concerned standards would be listed. 
Depending on the type of systems/technologies/products, the evaluation 
protocol shall be delineated and followed based on the recommendations of the 
technical review committee. This may include product claim evaluation, generic 
treated water quality testing, leaching studies, structural/material integrity, etc. 

Manufacturers can acquire certification for materials safety and structural 
integrity in accordance with the applicable PoU water treatment system 
regulations. Not all sections from each standard protocol may be required for 
product certification. This can be the subcommittee's responsibility to ensure 
and finalise the specific system/product protocol. Technical explanations and 
suitable system/product bracketing may be used when pursuing certification 
for several systems/products with comparable functionality. Technical 
explanations and suitable system/product bracketing may be used. As a result, a 
technical review will recommend adjustments to see if additional certification- 
related activities like testing, auditing, or documentation are required. When 
performance testing is required, specifications will be compared to the original 
certified material. Standards may be adjusted or waived depending on the 
system/product type and end-use. 

The system/products certified by other certification agencies officially 
approved as competent to carry out certification by a national accreditation 
body may have to submit all the documentation related to the evaluation/ 
testing results, certification details, and audit observations. The subcommittee 
can evaluate test/evaluation data from a laboratory or certification agency 
on any product being considered for certification. The final protocol and 
evaluation procedure to be adopted for such products can be entirely at the 
desecration of the subcommittee. The finalisation of the protocol can be based 
on the guidelines but does not eliminate judgment based on the experience or 
technical expertise of the subcommittee. 


8.4.2.3 Contract 

A contract based on the technical review should be framed and sent to the 
manufacturer for approval before final activities begin. The contract should 
list all the activities to be taken as part of the evaluation protocol. It also 
includes the roles and responsibilities of the manufacturer and the clause 
of confidentiality related to any proprietary information provided by the 
manufacturer. The contract should also contain the financial proposal for the 
product's certification. The contract should include all anticipated certification 
fees, such as facility assessments, testing, and certification. Before proceeding 
with certification processes, a deposit may be requested. 
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This certification programme is only for the final finished systems/products 
manufactured. The evaluation samples should represent the complete line or set 
of systems/products to be certified. They should be constructed using similar 
components and sub-assemblies to those used in production, using production 
tools and assembled following processes specified for the production run. The 
certification agency may select the product to be tested from the factory. 


8.4.2.4 Evaluation 

The system/product is subjected to extensive testing to ensure that it complies 
with the standard to which it is certified. The testing/evaluation process contains 
both mandatory and optional testing requirements. Mandatory requirements 
include the testing of material and structural integrity. For specific technologies, 
contaminant reduction claims may be mandatory. Moreover, the mandatory 
testing of the systems and components must be required for certification. The 
protocol and the extent of evaluation and listing of mandatory and optional 
testing requirements shall be up to the sub-committee. The exact protocol 
finalised by the sub-committee shall be used for testing all the systems/products. 

Toxicological investigations can be conducted if requested and judged 
necessary by the subcommittee to determine permissible amounts of pollutants 
that leach from products during extraction testing. All requirements must be 
reviewed to assess whether or not a recommendation for certification can be 
given. When non-conformities have been effectively rectified, the manufacturer 
must be notified. Non-conformity correspondence may be sent several times 
during the certification procedure. Product samples are also taken for laboratory 
testing to determine conformance to standard requirements. The manufacturer 
must agree to follow a well-defined testing schedule that specifies the precise 
tests and the frequency with which they should be performed. 

A preliminary inspection of the manufacturing facility can be carried out 
on a mutually agreed date after application. The manufacturing capability and 
controls, quality control procedures, available testing facilities, and technical 
skills are all examined during this inspection. Product samples are analysed 
and drawn for testing at laboratories specific to the system/product. Audits 
of facilities might also be done every year. The manufacturing of certified 
systems/products can be assessed to guarantee that the systems on the market 
are the same tested and certified systems. When deciding if a facility review 
is required, any factors that doubt the quality system, such as audit history, 
complaints, or testing history, must be considered. A full facility assessment 
might involve a review of the manufacturing process and evaluating the quality 
system. The findings and recommendations can determine how often and for 
how long surveillance audits should be conducted. 


8.4.3 Point-of-use water treatment system testing schedules 

The effective water treatment efficiency of PoU water treatment systems varies. 
Due to functional reductions over time, the performance of the PoU water 
treatment system may vary with the quantity of water treated for various 
technologies. The PoU water treatment system testing techniques must be of 
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sufficiently long duration in terms of use time or cumulative quantity of water 
treated to address changes in flow rate and consequent changes in the system's 
performance. Flow rate reductions of filters could affect microbial reduction 
performance, user satisfaction, and willingness to use the filters. In addition 
to reducing the flow rate of treated water and eventual blockage, some of the 
filter components may lose their microbial reduction performance efficiency over 
time and with an increased quantity of water treated. For PoU water treatment 
systems in which flow may decrease with an increasing quantity of water 
treated, microbial reduction performance must be identified, quantified, and 
accounted for, depending on the manufacturer's design criteria and performance 
claims. As a result, a PoU water treatment system testing plan and schedule 
for microbiological and water quality composition concerns that appropriately 
reflect the PoU water treatment system's operating conditions must be addressed. 


8.4.3.1 Testing schedule considerations 

Adequate laboratory testing of a wide range of PoU water treatment systems 
in a reasonable timeframe, at a reasonable cost, and with representative 
testing durations demands careful study and preparation. According to some 
testing techniques and standards the setting should be chosen based on the 
manufacturer's/vendor's recommendations for long-term operation, usually 
in terms of the volume of water that can be effectively treated before the 
system needs to be repaired or components replaced. On the other hand, 
other protocols define or recommend a more arbitrary test term, usually 14 
days, because they have varied performance cycle times, durations, and use 
circumstances and are designed to have very extended working lifetimes. 
The entire test time is frequently divided into an appropriate number of equal 
volume spaced fractions of the PoU water treatment system's total volume life, 
usually five fractions, to provide test points where the system is challenged with 
test microorganisms. Some technologies/systems consider low (poor)-quality 
influent water in some or all volume fractions, which can diminish the microbe 
reduction effectiveness of the PoU water treatment systems under consideration 
and constitutes a ‘worst-case’ scenario. The initial challenge test is performed 
after a set of replicate PoU water treatment systems has been conditioned or 
flushed according to the manufacturer's instructions. 

Operational water quality measurements in the influent and product water, 
such as disinfection residuals, turbidity, and pH, are also taken throughout these 
challenge periods. Several test methods use an easily provided reasonably high- 
quality water, such as dechlorinated tap water, for up to 16 h day"! to achieve the 
manufacturer's volume lifetime target in an acceptable amount of time. Some 
testing methodologies and schedules contain two 48-h stagnation points, the 
first near the halfway volume mark and the second near the end of the test run 
total volume, during which no water flows through the PoU water treatment 
systems. Some forms of PoU water filtration systems are utilised in treatment 
systems, and a stagnation period may damage the germ removal efficiency. 
In actual field use of a PoU water treatment system, a prolonged stagnation 
period may be unrealistic or unreliable, as household members would almost 
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certainly produce treated water almost daily, if not more frequently, negating 
any beneficial effects from extended water idle times within the filter medium. 


8.4.3.2 Communication to the manufacturer 
Once the product has undergone performance testing, the technical review 
committee will review the data, making a certification decision. After evaluation, 
the recommendation from the subcommittee to certify can be reviewed by the 
technical review committee, which shall be independent of the evaluation process. 

For the certified PoU water treatment system, a certificate of conformity 
may be prepared and made accessible to the manufacturer. The certification 
document must include additional claims, verification of performance indicator 
accuracy, compliance with other standards, and other variations. A licence 
to use the Standard Mark on a product is only issued once the Technical 
Review Committee has determined that the manufacturer can consistently 
manufacture the product according to the relevant standard. The technical 
review committee can look over all of the findings from the manufacturer's 
laboratory evaluations, site visits, and quality control protocol to determine 
the manufacturer's ability to produce goods that meet the relevant standards, 
particularly in terms of raw materials, manufacturing capability, and quality 
control facilities such as testing equipment and supervisory staff. 

The technical review committee should consider the final grant of 
certification after scrutiny and verification to its satisfaction. 


8.4.3.3 Complaints and appeals 

A complaint redressal policy for certification programmes should be designed 
according to ISO/IEC 17065 to manage product-certification-related complaints 
from customers, consumers, or other sources. The following are the most 
common types of complaints: 


* Allegations that a corporation that sells certified products has abused the 
certification mark and/or made false statements about certified products' 
performance. 

* Allegations of a corporation using the certification mark fraudulently to 
sell products that are not certified. 

* Dissatisfaction with the certification procedure or the service quality. 


A complaint redressal committee should handle all complaints. When a 
complaint is received, it should be acknowledged on time. Efforts should be 
taken to settle the complaint as quickly as possible and keep the complainant 
informed of the procedure's outcome. 


8.4.3.4 Surveillance 

Production facility surveillance monitors the quality system's implementation, 
product literature conformance, and manufacturing repeatability. Each 
calendar year, companies with certified products can have a minimum of one 
announced or unannounced surveillance assessment. Based on previous audit 
history, a comprehensive examination may be done. If any findings do not meet 
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the subcommittee's satisfaction, or if the facility is found to have frequent non- 
conformities, the TRB may undertake an additional assessment, increase the 
frequency of audits at the facility, or remove or suspend certification. 
Surveillance assessment is an important step in ensuring that the manufacturing 
facilities adopt a standard protocol or system and that records are traceable. 
Surveillance assessment of the manufacturing facilities can be carried out 
independent of evaluation/certification of PoU water treatment systems, which 
means that a separate team familiar with manufacturing can visit the facilities. 


8.5 SUMMARY 


Several PoU water treatment systems are developed and introduced in the 
market with various configurations to address the supply of clean water at the 
PoU with varying and sometimes unverifiable claims. With the market full of 
such products and huge claims, it is essential to understand the complexities of 
water treatment systems and evaluate these claims independently based on the 
common testing/evaluation/certification protocol. The PoU water treatment 
products/units/systems evaluation and certification guides consumers, including 
private and government agencies, in the selection of suitable systems and help 
the national government directly or indirectly in the number of technical- and 
evaluation-related functions. The primary objective of certification/evaluation 
is to provide an independent third-party evaluation of PoU water treatment 
systems and certify them. 

Many international organisations and national governments offer guidance 
and protocols for evaluating the performance of PoU water treatment systems. 
The WHO, WQA, and NSF/ANSI are among the most prominent of these, all 
of which now offer certification or some other type of recommendation based 
on performance appraisal. In addition, many countries have also established 
protocols for evaluation/certification of PoU-based water treatment systems for 
verification of claims. These processes are comprehensive, and certification is 
granted after rigorous laboratory-based evaluation, and at time surveillance of 
the manufacturing facilities is also undertaken. 

Most of these protocols are meant to verify claims for microorganisms’ 
removal and require log removal of bacteria, viruses and protozoa are included 
in these protocols. These protocols, particularly from international agencies, are 
fairly comprehensive in defining test water composition, the number of water 
samples, required log removal of representative microorganisms, number of 
test runs, etc., including traceability of the tests. Considering the importance 
of certification, which also help manufacturers in properly marketing their PoU 
water systems, the importance of getting their systems certified is growing them. 

In addition, several national governments are also coming forward to 
develop their protocols for verification of claims of the PoU water treatment 
systems being sold in the country. A template for developing a certification/ 
evaluation process is presented in this chapter which any country can adopt. 
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Membrane Based Point-of-Use 
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Pawan Kumar Labhasetwar and Anshul Yadav 


Membrane-based PoU water treatment systems have proved to be a 
milestone in PoU water treatment eliminating various shortcomings of other 
water treatment technologies. The main driver of membrane-based PoU water 
treatment systems is that it works without the addition of chemicals, with 
relatively low energy usage, and easy and well-arranged process conductions. 
With improved technology, there is an inevitable need to understand the basic 
operational parameters, design and maintenance of membrane-based PoU 
water treatment systems to eliminate the repercussions of lack of knowledge. 


The book describes membrane-based PoU water treatment systems and is 
divided into eight chapters. Chapter 1 explains the sources and contaminants in 
drinking water and the importance of removing these contaminants. Chapter 
2 describes different units, advantages and limitations of the conventional 
water treatment plants and various PoU water treatment technologies. 
Chapter 3 covers components of membrane-based PoU water treatment 
systems. Chapter 4 describes the effective designing of various components 
of the membrane-based water treatment systems to make them more 
economical and practical. Modelling, simulation, and process optimisation 
of membrane-based PoU water treatment systems are included in Chapter 5. 
Chapter 6 includes operation and maintenance aspects, including pre- and 
post-treatment units. Techno-economic aspects of membrane-based PoU 
water treatment systems are elucidated in Chapter 7. Chapter 8 elaborates on 
national and international protocols for certification and system evaluation. 
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